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Abstract 
The Oxidation of a Gasoline Fuel Surrogate  
in the Negative Temperature Coefficient Region 
David Burton Lenhert 
Dr. Nicholas P. Cernansky and Dr. David L. Miller 
 
 
 
 
Although not typically considered a fuel for diesel engines, the U.S. Department of 
Defense (DoD) directive 4140.25 mandated the aviation fuel JP-8 to be the ‘universal’ 
fuel for all military applications.  This logistical simplification was extensively field 
tested and JP-8 has been successfully used in the U.S. Army’s compression ignition (CI) 
engines.  However, wide variations in cetane index, aromatic content, naphthene content, 
and fuel additives were observed (JP-8’s specifications are intentionally broad to keep 
cost at a minimum) and the impact of these variations on CI engine operations are not 
well understood.  During this research, the impact of these variations on the critical 
autoignition behavior were addressed by the oxidation of several samples of JP-8 and Jet-
A in a Pressurized Flow Reactor (PFR) Facility at elevated pressures over a range of 
temperatures (600 – 800 K).  This provided insight into which fuel properties and their 
associated variations had the most significant impact on CI engine operation.   
Furthermore, due to the complexity and variability of full-boiling range fuels, such as 
JP-8, researchers typically develop simplified blends, called surrogates, to study the 
combustion processes, and ultimately develop combustion models based on their results.  
To further investigate the oxidation of JP-8, a 4-component surrogate was utilized which 
roughly matched the ‘average’ JP-8 reactivity measured in the first phase of this research.  
The surrogate was a mixture of 43% n-dodecane, 27% iso-cetane, 15% methyl-
cyclohexane, and 15% α-methyl-naphthalene.  Neat, binary mixtures of the components, 
 xvii
and the full surrogate were oxidized in the PFR and stable intermediate and product 
species were identified and quantified using permanent gas analyzers, and gas 
chromatography with mass spectrometry (GC/MS).  These detailed studies provided 
kinetic and mechanistic information in the low and intermediate temperature ranges (600 
– 1000 K) and at elevated pressures.  The experimental results provided profiles which 
will be used in future studies to develop detailed and reduced kinetic models for the 
ignition and oxidation of these fuels.   
 

 1
1. Introduction 
 
1.1 Single Fuel on the Battle Field 
In World War II, the North African Campaign of Erwin Rommel, the legendary 
“Desert Fox”, ended in the catastrophic defeat of the tactically superior German force at 
the hands of the British Eighth Army.  Up until the beginning of 1942, the North African 
Campaign had been characterized by swift advances by both sides, followed by equally 
swift withdrawals.  The principle cause of this “pendulum” war was that one army 
advanced too quickly for its supplies to keep up, making it vulnerable to counter attack, 
while the other shortened its supply lines as they were beaten back towards their base, 
which enabled the counter offensive.  In September 1942, Rommel was forced onto the 
offensive at Alam Halfa prematurely because of the lack of supplies, specifically fuel.  
Alam Halfa marked the last major offensive for the German army in North Africa and the 
beginning of the eventual withdrawal of German and Italian forces from Africa.   
Throughout the 20th Century, the U.S. Army has experienced similar logistics 
problems created by long supply lines and fuel shortages.  Logistics problems are further 
complicated in multinational operations, such as Desert Storm (Iraq) and Enduring 
Freedom (Afghanistan), as differing nations often require differing fuel types.  As early 
as 1975, NATO (North Atlantic Treaty Organization) raised the concept of using a 
standardized fuel for all NATO land-based military aircraft.  However, it was not until 
January 1987 that NATO actually ratified the conversion from F-40 (JP-4) to F-34 (JP-8) 
for all land-based military aircraft.  Following similar coordination within the U.S. 
military services, the Department of Defense issued Directive 4140.43 on fuel 
standardization, specifying JP-8 as the primary fuel support for all air and land forces in 
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March 1988 (TARDEC, 2001).  The result of this logistical simplification was that the 
U.S. Army’s compression ignition (CI) engines designed to operate on DF-2 diesel, now 
had to operate on the military aviation fuel JP-8.   
In preparation for the transition to JP-8 from DF-2 diesel, JP-8 was extensively field 
tested on U.S. Army equipment (over 2800 vehicles) at Fort Bliss, TX.  The field testing 
was conducted between 1989 to 1992 and it showed that JP-8 could be successfully used 
(Lestz and LePera, 1992; TARDEC, 2001).  Numerous benefits of utilizing JP-8 in CI 
engines were apparent from the testing, including:  
• Reduced engine combustion-related component wear. 
• Reduced nozzle fouling/deposit problems in both diesel and gas turbine engines. 
• Reduced potential for fuel system corrosion problems. 
• Increased fuel filter replacement intervals. 
• Reduced exhaust emissions and particulate signature. 
• Extended oil change and filter replacement intervals. 
• Reduced fuel related low temperature operability problems. 
• Reduced potential for microbiological growth in fuel tanks. 
• Reduced water entrainment/emulsification problems in vehicle fuel tanks. 
• Increased storage stability. 
• Improved fuel/lubricant related cold starting. 
However, several potentially adverse effects were also identified.  First, a reduction in 
horsepower occurred due to the lower volumetric heat content of JP-8 as compared to 
DF-2 diesel, Table 1.  To offset the reduction in horsepower, fuel consumption rates were 
increased by approximately 1 to 5%.  Operational difficulties and problems also occurred 
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in fuel-lubricated rotary-type injection pumps due to lower viscosity and material 
incompatibilities with JP-8.  Finally, wide variations in cetane index, aromatic content, 
naphthene content, and proportions of other hydrocarbon functional groups were 
observed.   
The transition to JP-8 does not alter the fundamental need to understand the 
combustion processes in compression ignition engines in the continuing pursuit of 
reducing emissions and improving efficiency.  However, it does influence the type and 
size of the hydrocarbons to be investigated, the relative proportions of each hydrocarbon 
functional group in simplified mixtures and models, and the range of variability in the 
hydrocarbon functional groups as compared to DF-2 diesel.  The transition does present 
some unique engineering and combustion related problems. 
 
 
 
Table 1: Average physical properties of several military fuels. 
JP-8 Demo Fuel  
Properties 
 
U.S. 
DF-2 JP-8 JP-5 FT. BLISS FEB 1989 
FT. IRWIN 
MAY 1989 
API Gravity 34.5 45.4 41.1 41.9 37.9 
Viscosity @ 40 °C  
(cSt) 2.8 1.2 1.5 1.6 1.7 
Net Heat of 
Combustion (Btu/gal) 130,319 123,138 125,270 125,941 128,431 
%LESS Btu/gal than 
DF-2 0 5.5 3.8 3.3 1.4 
 
 
 
1.2 Diesel Engine Emissions and Autoignition 
One of the major sources of pollution throughout the world is from the combustion of 
hydrocarbons in internal combustion engines.  Regulations introduced by the 
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Environmental Protection Agency (EPA), California Air Resources Board (CARB), and 
international regulatory agencies are requiring vehicles and powered equipment to 
substantially reduce emissions.  Significant reductions in carbon monoxide (CO), 
unburned hydrocarbons (UHC), nitrogen oxides (NOx) and particulate matter (PM) will 
be required in almost all classes of engines.  Generally, diesel engines are substantial 
emitters of PM and NOx, but only small emitters of CO and UHC, whereas, gasoline 
engines are the greatest emitters of CO and substantial emitters of UHC and NOx, but 
only modest emitters of PM.  In diesel engines, the proposed rules will likely require 
electronic engine controls, exhaust gas recirculation (EGR), and a diesel particulate filter.  
In the smaller non-road engine category (19 to 56 kW, which includes smaller mobile 
generators) a 97% reduction in PM will be required under proposed EPA and EU rules 
and a 40% reduction in NOx under proposed rules by 2010, Figure 1.  The tightening of 
the engine emissions standards for compression ignition engines has prompted the 
tightening of fuel specifications.  The more stringent specifications significantly limit 
concentrations of sulfur, aromatics, polycyclic aromatic hydrocarbons (PAH), and several 
other fuel impurities.  For example, on-road diesel sulfur levels will be reduced to 15 
ppm in the U.S. and to 10 ppm in the EU by 2010.  Although the U.S. military is exempt 
from many of the EPA regulations, the military is always looking for ways to take 
advantage of civilian/commercial technologies to improve performance while reducing 
research and development costs.  Therefore, it is crucial for the military to have interest 
in the development of emission control technologies. 
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Figure 1: Proposed emission regulations for diesel engines (The Impact of Future Diesel Fuel 
Specifications and Engine Emissions Standards on SOFC, 2004). 
 
 
 
One method to decrease the emissions from diesel engines is to increase their overall 
efficiency.  This can be accomplished by decreasing the compression ratio of the engine, 
as predicted by a thermodynamic analysis of an ideal engine cycle.  Unfortunately, 
decreasing the compression ratio also decreases the fuels susceptibility for autoignition.  
To understand how this impacts the performance of a diesel engine, one must first 
understand the basic combustion processes in CI engines.   
The diesel combustion process is an extremely complex process involving fuel 
sprays, inhomogeneities, vaporization, oxidation, and mixing processes.  A simplistic 
view of the process can be described in the following manner.  Fuel is directly injected 
into the combustion chamber near the end of the compression stroke creating a spray of 
droplets.  The compression ratio is deliberately selected high enough so that the air near 
the end of the compression stroke is sufficiently hot to cause the fuel to vaporize and 
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autoignite very soon after injection.  The remaining fuel continues to be injected and can 
burn no faster than injected.  The fuel injection method creates fuel rich regions, thus 
producing the observed high concentrations of particulate matter.  If too much fuel is 
injected in the initial phase, the engine will severely knock.  The oxidation of the 
vaporized fuel and the temperature and pressure of the mixture are crucial to 
understanding the combustion process in compression ignition engines.  One of the 
inherent difficulties in the diesel engine cycle is to ensure the autoignition of the fuel.  
When the ambient temperature is sufficiently cold, the temperature at maximum 
compression is inadequate to vaporize and oxidize the critical amount of fuel to cause 
autoignition, thus misfiring.  This phenomenon is typically referred to as cold start 
autoignition.  To combat this problem, diesel engines are manufactured with higher than 
optimum compression ratios to ensure autoignition, resulting in increased frictional losses 
and reduced efficiencies.  Understanding the autoignition process of hydrocarbons may 
lead to techniques that will mitigate the cold start problem.   
As early as 1920, researchers noticed wide differences in the autoignition 
characteristics of pure hydrocarbons.  In 1948, Lovell published an extensive review and 
tabulation of the autoignition characteristics of over 325 hydrocarbons (Lovell, 1948).  
Notably, Lovell related the chemical structural of hydrocarbons to a fuels tendency to 
autoignite.  For alkanes, Lovell noted that the compression ratio necessary for 
autoignition, referred to as the critical compression ratio, decreased as the length of the 
unbroken chain increased and increased as the amount of branching increased.  For 
alkenes, the location of the double bond also had notable impact on the critical 
compression ratio.  If the double bond was closer to the center of the straight-chained 
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alkene, then the critical compression ratio was higher.  However, Lovell did not forward 
a kinetic or mechanistic explanation for the observed phenomena.  After Lovell, 
significant progress was made on the mechanism of hydrocarbon oxidation.  However, it 
was not until Walsh (1963) proposed a mechanistic link between autoignition tendency 
and fuel structure that there was a reasonable explanation for the wide differences in 
knock behavior.  Walsh suggested that the isomerization of the 2OR &  radical (where R is 
the original fuel molecule, minus one hydrogen atom) plays a critical role in the oxidation 
of hydrocarbons since the isomerized radical can lead to a series of chain branching 
reactions.  Thus, an approach to understanding the autoignition behavior of a fuel is to 
investigate the mechanism of the fuel decomposition and oxidation prior to the point of 
autoignition. 
Since Walsh, extensive studies have been conducted on the oxidation of 
hydrocarbons, greatly increasing the understanding of the combustion process.  In 
general, the combustion process may be described as a series of complex degenerate 
chain branching, carrying, and terminating reactions involving stable and radical species.  
It is commonly accepted that the hydrocarbon oxidation process may be separated into 
three distinct temperature regimes.  Each regime, known as the low, intermediate, and 
high temperature regime, is dominated by reactions involving different radical species 
and different pathways.  Naturally, the combustion environment, temperature, pressure, 
and equivalence ratio, effects the location of the boundaries between each regime.  For 
example, at one atmosphere, the hydrocarbon oxidation process can be divided along the 
following boundaries: 
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1) Low temperature regime:   < 650 K 
2) Intermediate temperature regime:  650 – 1000 K 
3) High temperature regime:   > 1000 K 
 
Since many of the reactions in each regime are pressure dependent, the temperature of 
each regime will shift as the pressure of the combustion process increases.  The 
temperature regime where the autoignition process occurs has been experimentally 
measured by several researchers (eg., Griffiths et al., 1997; Gluckstein and Walcutt, 
1964; Smith et al., 1985) and although disputed by some researchers, it is generally 
accepted that the fuel autoignites in the intermediate temperature regime, Figure 2.  Since 
the fuel spends considerable time in the low temperature regime, it becomes critical to 
understand the oxidation process in both the low and intermediate temperature regimes at 
elevated pressures in order to understand the autoignition phenomena. 
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Figure 2: End-gas temperature and pressure trajectories (Wang, 1999). 
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1.3 Aviation and Diesel Fuels 
Both aviation and diesel fuels are complex mixtures, typically composing of hundreds 
of alkane, naphthene, and aromatic hydrocarbons.  However, there are some major 
fundamental differences between the fuels.  Diesel fuels are generally either a distillate 
blend, a distillate and kerosene blend, or a kerosene blend depending on the grade of 
diesel; i.e., DF-2, DF-1, or arctic grade diesel fuel (DF-A).  Whereas, aviation fuels, i.e. 
JP-8, Jet-A, or Jet A-1, are typically kerosene-type fuels.  The fundamental difference 
between kerosene-type and distillate-type fuels is the temperature at which they are 
separated in a distillation column.  JP-8 has a maximum distillation temperature of 205 
°C at the 10% recovery point and a final maximum boiling point of 300 °C, whereas DF-
2 has a temperature range of 282 – 338 °C at the 90% recovery point.  As a result, the 
hydrocarbons in JP-8 are typically in the C9- C16 range, while, the hydrocarbons in DF-2 
are typically in the C10- C22 range.  Due to these differences, JP-8 has a lower average 
empirical formula of C11H21 as compared to DF-2 diesel at C12H26.  The effect of these 
differences is clearly illustrated in Figure 3 which compares the boiling ranges of JP-8 
and DF-2.  
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Figure 3: Boiling point ranges for a variety of military fuels. (TARDEC, 2001) 
 
 
 
Both JP-8 and DF-2 are formulated to meet general physical property specifications, 
not a specific composition.  As a result, both fuels can be formulated by a virtually 
infinite variety of hydrocarbon mixtures to meet the specifications.  However, the relative 
proportion of the various classes of species is constrained by the property requirements in 
the specifications.  The current military specification that covers the physical and 
chemical properties of JP-8 is MIL-DTL-83133E.  The current DF-2 diesel specification 
is CID (Commercial Item Description) A-A-52557, which was developed using the 
ASTM D975 specification for civilian No. 2 diesel.  A few of the specifications and the 
associated ASTM test procedures are shown in Table 2.   
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Table 2: Specifications for selected properties of JP-8 and DF-2 
  JP-8 DF-2 
Properties ASTM Method Min Max Min Max 
Aromatics 
(% vol) D1319 - 25.0 - 35.0
 
Olefins 
(% vol) D1319 - 5.0 - - 
Naphthalenes 
(% vol) D1840 - 3.0 - - 
Total Sulfur 
(% mass) D4294 - 0.30 - 0.05 
Distillation - 
10% Recovered (ºC) D86 - 205 - - 
Distillation - 
90% Recovered (ºC) D86 - - 282 338 
Distillation - 
Evaporation Point (ºC) D86 - 300 - - 
Flash Point 
(ºC) D93 38 - 52 - 
API Gravity D1298 37.0 51.0 33 42 
Freezing Point 
(ºC) D5972 - -47 - - 
Cetane Number D976 - - 40 - 
Heat of Combustion 
(MJ/kg) D3338 42.8 - - - 
Hydrogen Content 
(% mass) D3343 13.4 - - - 
Fuel System Icing 
Inhibitor (% vol) D5006 0.10 0.15 N/A N/A 
 
 
 
 
1.4 JP-8 Compositional Variability 
As illustrated above, many of the fuel properties of JP-8 can vary significantly within 
a range, or only have a specified minimum or maximum.  The principal reason for the 
intentionally broad specifications is to minimize cost.  In 1989, the Office of the Assistant 
Secretary of Defense, Energy Policy Directorate, authorized the establishment of the 
Petroleum Quality Information System (PQIS) to track fuel property trends and to resolve 
fuel related issues.  The first PQIS Report was published in June 1998, providing 
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statistical information on aviation fuels from calendar years 1990 to 1996.  To date, seven 
PQIS Reports have been published up to and including 2002.  For JP-8, the PQIS system 
reports statistical information, such as aromatic content, olefin content, naphthalene 
content, API gravity, hydrogen content, and cetane index, for the over 18.5 billion gallons 
of fuel purchased since 1990.  Figure 4 to Figure 7 illustrate the actual variability in 
composition and properties present in the over 2.8 billion gallons of JP-8 purchased in 
2002 (Petroleum Quality Information System, 1990-2002). 
 
 
 
 
Figure 4: Aromatic content of JP-8 in 2002. 
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Figure 5: API Index of JP-8 in 2002. 
 
 
 
 
 
 
 
 
Figure 6: Alkene content of JP-8 in 2002. 
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Figure 7: Cetane index of JP-8 in 2002. 
 
 
 
The effect of fuel composition variations on diesel engine operation and emissions 
has been extensively studied for distillate-type fuels (Baranescu, 1988; Bennethum and 
Winsor, 1991; Fukuda et al., 1992; Ullman et al., 1990; Sienicki et al., 1990; Lange, 
1991; Asaumi et al., 1992; Owen and Coley, 1995).  Table 3 summarizes the 
relationships between hydrocarbon class and fuel properties.  Normal alkanes have 
excellent cetane numbers, but very poor cold flow properties and low volumetric heating 
values.  Aromatics have very good cold flow properties and volumetric heating values, 
but very low cetane numbers.  Iso-alkanes and naphthenes have properties between those 
of normal alkanes and aromatics 
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Table 3: Relationship between hydrocarbon classes and fuel properties. 
Properties n-Alkanes iso-Alkanes Naphthenes Aromatics 
Cetane Number ++ 0 to + 0 to + - to 0 
Low Temperature 
Operability - 0 to + + + 
Energy Content - - 0 + 
+ indicates a positive or beneficial effect on the fuel property 
0 indicates a neutral effect 
- indicates a negative effect  
 
 
 
Fuel properties, controlled by the composition, can also have significant impact on 
emissions, as summarized in Table 4.  Increasing the cetane number of a fuel typically 
improves combustion efficiency and reduces NOx and PM emissions.  Reducing 
aromatics content of diesel fuel tends to reduce NOx and PM in some engines.  However, 
recent studies have indicated that polycyclic aromatic hydrocarbons (PAHs) are the 
principle sources of PM emissions, not monocyclic aromatics.  Reducing sulfur content 
of diesel fuels significantly decreases CO, UHC, NOx, and PM emissions.  This across 
the board reduction is one of the ancillary reasons for lowering of sulfur limits in fuels.  
The principle reason was that sulfur poisons the catalysts material, thereby reducing their 
efficiency sufficiently as to not meet the 2007 heavy duty emission standards. 
 
 
 
Table 4: Relationship between fuel properties and emissions. 
Properties PM NOx CO UHC 
Cetane Number 
(increasing) + +   
Aromatics 
(reducing) 0 to + 0 to +   
T95 Volatility 
(reducing) 0 0 to + - - 
Sulfur Content 
(reducing) + 0 to + ++ ++ 
+ indicates a positive or beneficial effect on the fuel property 
0 indicates a neutral effect 
- indicates a negative effect 
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1.5 JP-8 Surrogates 
Due to the complexities and variability of full boiling range fuels, like JP-8 and DF-2, 
a “certification” or “reference” fuel is typically used during engine design and testing to 
provide stable/repeatable fuel with known composition.  Two reference fuels used during 
ignition quality testing of diesel engines are Diesel Secondary Reference Fuels T-22 and 
U-15.  The T-22 test fuel is composed of heavy alkanes (50 - 60%) and kerosene (40 - 
50%), resulting in a high cetane number (CN = 74.8) with very good ignition quality.  
The alternative, U-15, is high in heavy alkanes (>75%) and heavy aromatic naphtha 
(<25%), and has a very low cetane number (CN = 18.7) resulting in a very poor ignition 
quality.  However, there have not been any certification or reference fuels defined for JP-
8.  As a result, researchers typically use any available sample of JP-8, often without 
detailed knowledge of the specific sample’s properties.  If a sample of JP-8 is not 
available, Jet A or Jet A-1 is often used as a substitute, as Jet-A (or Jet A-1) is essentially 
assumed to be the civilian equivalent of JP-8.  Jet-A is the standard fuel used by 
commercial airline companies within the U.S., where Jet A-1 is used every where else.  
Jet-A differs from Jet A-1 only in its lower freeze point requirement; i.e., –40 °C versus -
47 °C respectively.  The principal difference between JP-8 and Jet A-1/Jet-A is that JP-8 
requires three additives; specifically, a Fuel System Icing Inhibitor (MIL-DTL-85470), a 
Corrosion Inhibitor/Lubricity Improver (MIL-PRF-25017), and a Static Dissipater 
Additive.  The lubricity additive, a C17-COOH dimer, is used to compensate for the poor 
lubricity of severely hydrotreated jet fuels.  The additive contains a polar group that 
adheres to metal surfaces, forming a thin surface film of the additive.  The lubricity 
additive is typically added at a level of 9 to 24 g/m3.  The anti-static additive improves 
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the electrical conductivity of the jet fuel, thereby reducing static buildup and a potential 
safety hazard.  Several additives have been developed that improve the fuel’s 
conductivity.  Currently, the only additive approved for use in military jet fuel is 
Stadis®450, whose composition is proprietary.  The anti-static additive is mixed at 
sufficient concentrations to achieve a conductivity between 150 and 450 pS/m, amounts 
required typically range from 3 to 5 ppm.  The fuel system icing inhibitor (FSII) is added 
to JP-8 to prevent ice formation in the fuel tanks at the low temperatures encountered in 
high altitude flight.  Most commercial aircraft have heaters on their main fuel filters to 
melt any ice that has collected, but military aircraft do not have these heaters and are thus 
susceptible to reduced fuel flow if ice crystals form.  Currently, the only FSII approved 
for Jet A, Jet A-1, and U.S. military fuels is di-ethylene glycol monomethyl ether (di-
EGME), shown in Figure 8.  Unlike the other two additives, the FSII additive is required 
to be at relatively high concentrations, 1000 ppm to 1500 ppm by volume, by the JP-8 
specification.  It is important to determine if the additives influence the oxidation 
sufficiently to prohibit substitution of Jet-A for JP-8 and if it is necessary to include the 
additives in any fuel surrogates developed in this study.  Ultimately, since there are no 
“reference” fuels specified for JP-8, it is important to identify an “average” behavior for 
autoignition studies. 
 
 
 
 
Figure 8: Structure of di-ethylene glycol monomethyl ether. 
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For well-controlled fundamental modeling and experimental studies, a more definite 
chemical composition is needed for reproducibility and controllability.  This requires the 
development of a simplified fuel mixture that mimics the behavior of the more complex 
fuel, commonly referred to as a surrogate.  There are two basic types of surrogates and 
they are classified by what type of behavior they imitate.  A physical surrogate is a 
mixture that has physical properties similar to the parent fuel.  For example, n-dodecane 
has physical properties of density, viscosity, thermal conductivity, and heat capacity 
similar to JP-7 over a wide temperature range (Edwards and Maurice, 2001); however, it 
does not match volatility data.  To achieve this match a multi-component surrogate is 
required.  A chemical surrogate is a mixture that has similar chemical class composition 
and average molecular weight of the fuel to be studied, such as the proper proportion of 
aromatics, naphthenes, and alkanes.  Although chemical surrogates can be effective 
forsimulating gross chemical and physical properties, they are not as effective at 
simulating specific oxidation and combustion behavior (e.g., extinction, thermal stability, 
and soot formation).  This is particularly true where the behavior is dependent on trace 
species.  For example, thermal stability is dependent upon trace heteroatoms and metal 
species at the ppm levels, thus a surrogate fuel without these species will not reproduce 
the deposition behavior.  Nevertheless, once the failings are appreciated surrogates can 
provide means to study fuels that have an unknown or variable composition.   
Surrogates have been used to study the combustion of JP-8 and to develop 
combustion models.  There is a need to assure that the surrogates developed reflect the 
true nature of JP-8 and not just the specific sample of JP-8 or Jet-A/Jet A-1 used.  
However, it is unclear how the chemical variations in JP-8 may influence surrogate 
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development and the associated experimental and modeling studies.  One of the primary 
objectives of this study is to elucidate the impact of JP-8 variations on reactivity and 
therefore surrogate development. 
 
1.6 Overview of This Study 
Understanding the chemical processes that causes autoignition is critical for solving 
the problem of cold start in compression ignition engines.  Since the autoignition 
phenomena is strongly dependant on the oxidation chemistry and by implication, the 
chemical structure of the hydrocarbon fuel and the temperature and pressure of the 
combustion environment, then a fundamental understanding of the low and intermediate 
temperature oxidation chemistry of the different hydrocarbon classes found in full boiling 
range fuels at elevated pressures is critical.  Extensive studies of the combustion of neat 
hydrocarbons have been conducted by many researchers, however, the research has 
mainly been limited to lower molecular weight hydrocarbons (< C10).   
For full boiling range fuels like JP-8 and Jet-A, significant variability in composition 
has been observed.  In addition, the complexities of these fuels essentially make it 
extremely difficult to conduct fundamental experimental and modeling studies, thereby 
necessitating the development of surrogate mixtures.  However, exactly how these 
variations impact surrogate development is still unknown.  Where JP-8 samples have not 
been available for the development of the surrogates, Jet-A has often been used.  
Although Jet-A and JP-8 are quite similar, the influence of the additives required for JP-8 
on the oxidation process is not known. 
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This dissertation addressed these issues by investigating the reactivity of samples of 
JP-8 and Jet-A and neat and simple mixtures of large hydrocarbons.  The specific 
achievements of this study are listed below: 
(1) Investigated the impact of chemical variability on the reactivity of samples of JP-
8 and Jet-A in the low and intermediate temperature regime. 
The approach used for this phase included: (1) conducting experiments on a 
variety of JP-8 and Jet-A samples (provided by Wright-Patterson Air Force Base) 
at elevated pressures in Drexel’s pressurized flow reactor facility; (2) identifying 
the existence and variability of the negative temperature coefficient behavior in 
JP-8 and Jet-A; (3) correlating the CO emissions to several properties to identify 
how they influence CO emission; and (4) identifying an average reaction behavior 
for JP-8 and Jet-A in the low and intermediate temperature regime. 
(2) Explored the ability to use Jet-A in lieu of JP-8 in combustion and surrogate 
studies. 
The approach used for this phase included: (1) conducting experiments on pure 
Jet-A and Jet-A with the Fuel System Icing Inhibitor (FSII) at elevated pressures 
in the pressurized flow reactor facility; and (2) identifying the differences and 
similarities in JP-8 and Jet-A with respect to CO emissions. 
(3) Examined how the current proposed JP-8 surrogates match the identified 
“average” JP-8 behavior. 
The approach used for this phase included: (1) conducting experiments on several 
proposed surrogates at elevated pressures in the pressurized flow reactor facility; 
(2) comparing the low and intermediate temperature reactivity of the surrogates to 
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the identified “average” JP-8 and Jet-A reactivity; (3) proposing suggestions as to 
the possibility to create a more “universal” JP-8 surrogate. 
(4) Investigated the oxidation of large hydrocarbons, both neat and in mixtures, in the 
low and intermediate temperature regime. 
The approach used for this phase included: (1) conducting experiments on neat n-
dodecane, a n-dodecane and methylcyclohexane mixture, a n-dodecane and 
2,2,4,4,6,8,8-hetptamethylnonane mixture, a n-dodecane and 1-
methylnaphthalene mixture, and a mixture of n-dodecane, methylcyclohexane, 
2,2,4,4,6,8,8-hetptamethylnonane, and 1-methylnaphthalene at elevated pressures 
in the pressurized flow reactor facility; (2) identifying many of the stable 
intermediate species formed using gas chromatography with mass spectrometry 
and nondispersive infrared analysis (NDIR); and (3) suggesting some of the more 
important pathways associated with the oxidation of large hydrocarbons. 
A general background and related literature review revealing the importance of this 
research is provided in the following chapter.   
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2. Background and Literature Review 
 
This chapter endeavors to accomplish two fundamental goals.  The first is to describe 
the importance of the low and intermediate temperature chemistry regime on the 
autoignition characteristics of high molecular weight hydrocarbons under compression 
ignition (CI) engine conditions.  The second is to describe the ongoing research with JP-8 
and the development of surrogates.  Both will be accomplished by a detailed review of 
the literature.  Section 2.1 discusses the foundations of hydrocarbon oxidation chemistry 
and basics of hydrocarbon modeling and mechanism development.  Section 2.2 describes 
the low and intermediate temperature oxidation mechanisms for alkanes, alkenes, 
naphthenes, aromatics, and aldehydes.  Section 2.3 describes past investigations on JP-8, 
Jet-A, and their surrogates.  Sections 2.4 - 2.6 concentrate on the past studies of high 
molecular weight alkanes, cycloalkanes (cyclohexane and methylcyclohexane), and 1-
methylnaphthalene, respectively.  Finally, Section 2.7 describes how this present study 
expanded the knowledge of JP-8/Jet-A oxidation, surrogate development, and the 
oxidation of larger hydrocarbons.  
 
2.1 Hydrocarbon Oxidation Chemistry and Modeling 
The gas phase oxidation of hydrocarbons has been studied quantitatively since the 
early 1900s.  During the intervening years, several theories have been proposed as to the 
mechanism of hydrocarbon oxidation.  The foundation of today’s theory was forwarded 
by Semenov (1935) which was based on the concept of free radicals.  A radical is an 
atom or molecule with at least one unpaired electron in the outermost valence shell.  Due 
to the unfilled valence shell, radicals are highly reactive.  Since Semenov, the theory has 
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been refined and enhanced, but the fundamental concept remains.  Essentially, the 
oxidation process can be modeled by a sequence of elementary chemical reactions in 
which radicals are created, propagated, or destroyed.  These reactions can be grouped into 
several fundamental classifications (Pilling, 1997): 
 
(i) Primary Initiation: formation of radicals from parent fuel molecule 
(ii) Secondary Initiation: radicals formed from other “stable” intermediates 
(iii) Chain Propagation: reaction where the number of radicals remain 
unchanged 
(iv) Chain Branching: reaction where the number of radicals increases 
(v) Termination:  removal of radicals from the reaction 
 
These general classifications are applicable to any hydrocarbon class, e.g. alkane, 
alkene, naphthene, or aromatics.  The primary initiation can occur by thermal 
decomposition of the fuel or by chemical reaction with another species.  Many factors 
affect the relative ratio between these two processes, including but not limited to 
temperature, pressure, and chemical structure.  Once the initial radical pool has been 
established, the radicals can interact with other stable species or radicals.  If the reaction 
increases the numbers of radicals, then the reaction is referred to as a chain branching 
pathway.  For hydrocarbons, one of the most important chain branching reactions is the 
decomposition of the hydrogen peroxide, .222 MHOMOH +→+ &   If a reaction 
decreases the number of radicals, then the reaction is referred to as a termination reaction.  
For hydrocarbons, the reaction 222 OOHOHHO +→+ && is one of the major termination 
pathways.  The reaction mechanisms created by combining reactions from these general 
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classifications vary significantly in complexity and size.  The complexity is strongly 
dependent on the purpose and range of applicability of the mechanism.   
Mechanisms can be generally classified as detailed, lumped, reduced, skeletal, or 
global (Zheng et al., 2004).  A detailed mechanism, as its name implies, includes most of 
the known elementary reactions and pathways.  As a result, it is capable of modeling a 
wide variety of experimental conditions.  As the level of understanding and the size of the 
molecules have increased, detailed mechanisms have become extremely large.  It is not 
unusual for a detailed C7 hydrocarbons mechanism to contain thousands of reactions and 
hundreds of species (Ranzi et al., 1997; Ranzi et al., 1995; Curran et al., 1998, 2002).  
Lumped mechanisms have evolved as a method of reducing the overall size and 
complexity of mechanism.  Lumped mechanisms typically classify the primary 
propagation reactions of the parent fuel with a limited set of reference kinetic parameters 
and group the primary intermediate isomers into a limited number of “lumped” 
components.  The smaller species are typically treated in a detailed manner nearly 
identical to the detailed mechanism.  The size of a lumped mechanism can vary 
significantly, but usually encompass thousands of reactions among hundreds of species 
(e.g., Granata et al., 2003; Nehse and Warnatz, 1996).  Reduced mechanisms are 
essentially subsets of detailed mechanisms that have been reduced in size to model a 
specific range of conditions.  The reduced mechanisms nominally have tens to hundreds 
of reactions among tens of species.  Recently, the reduction of detailed mechanisms has 
been accomplished by automated routines.  Techniques such as Quasi-Steady-State 
Approximation (QSSA) (Peters and Rogg, 1993), Intrinsic Low-Dimensional Manifolds 
(ILDM) (Maas and Pope, 1992), Computational Singular Perturbations (CSP) (Lam and 
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Goussis, 1988), and Directed Relation Graphs (Lu and Law, 2004) have been widely 
applied for this task.  Skeletal mechanisms are significantly smaller mechanisms and 
nominally have tens of reactions among tens of species (e.g., Zheng et al., 2001; 2002).  
In skeletal mechanism, the reactions can be elementary, generic, or global reactions, but 
the rate parameters and thermochemistry are based on “classes” of reactions.  Finally, 
global mechanisms describe the chemistry in terms of a few principal reactants and 
products in a small number of functional relations.  Typically, global mechanisms have 
fewer than ten reactions among fewer than ten species.  These type of mechanisms are 
extremely attractive for CDF and other heavy computational applications where “large” 
mechanism are computationally prohibitive.   
Regardless of the type of mechanism, each reaction requires the associated reaction 
rate coefficients and species thermodynamic properties.  Accurate heats of formation for 
all radicals and stable species are needed to identify plausible pathways and to estimate 
activation energies and the rates of reversible reactions.  The group additivity approach 
provides an accurate method to estimate the necessary properties for heat of formation 
calculations (Benson, 1976; Reid et al., 1987; Cohen, 1993; Ritter and Bozzelli, 1991).  
Chemical kinetic theories, such as, transition state theory, can provide reasonable values 
for the rate parameters.  However, the estimates provided are typically not as accurate as 
those determined experimentally.   
Despite the recent advances in computational capability, a fundamental fact remains 
that chemical kinetic models contain many more free variables than can be constrained 
by the small number of experimental observables.  Advances in analytical chemistry, 
namely, gas chromatography and mass spectrometry, have increased the number of 
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intermediate combustion species that can be identified and quantified during experiments 
for validation of the rate parameters and the identification of new reaction pathways.  
However, as the fuels of interest increase in size and complexity to compounds actually 
found in full boiling range fuels, the discrepancy between the variables necessary for 
detailed modeling and the constraints available from experimental results becomes larger.  
 
2.2 Low and Intermediate Temperature Chemistry 
As noted previously, the oxidation of hydrocarbons can be separated into three 
temperature regimes, the low, intermediate, and high temperature regimes.  In the low 
temperature regime, the oxidation process is dominated by the alkylperoxy radical )( 2OR & , 
where R is the hydrocarbon molecule minus one hydrogen atom.  The intermediate 
temperature regime is dominated by the hydroperoxy radical )( 2OH & , while the high 
temperature regime is dominated by several radicals, namely hydroxyl )( HO& , oxygen 
)(O& , and hydrogen )(H&  radicals.  In general, flames are considered high temperature 
phenomena, however, combustion related phenomena such as cool flames, the negative 
temperature coefficient (NTC) behavior, and autoignition/knock are low and intermediate 
temperature phenomena.   
As chemical intuition suggests, the higher the temperature, the faster a given chemical 
reaction will proceed.  However, as the dominance switches from the 2OR &  radical to the 
2OH &  radical during the transition between the low and intermediate temperature regime, 
the overall reactivity actually decreases.  This decrease in reactivity with increasing 
temperature is referred to as the negative temperature coefficient (NTC) behavior.  The 
behavior was first observed by Pease in 1929 while studying the oxidation of propane in 
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a flow reactor (Dechaux, 1973).  Since 1929, the NTC behavior has been observed in 
numerous alkanes, alkenes, a few aromatics, and a very limited number of naphthenes.  
Investigation of hydrocarbon oxidation in the NTC region provides a unique opportunity 
in which to investigate the competing reaction pathways of the oxidation process.  
Further discussion of hydrocarbon oxidation requires the discussion of specific oxidation 
mechanisms for alkanes, alkenes, naphthenes, and aromatics.  Thus, the basic 
mechanisms for each functional group will be reviewed in the following sections.    
 
2.2.1 Alkane Oxidation Chemistry 
Lower molecular weight alkanes are the most extensively studied hydrocarbons, 
hence the best understood from both kinetic and mechanistic perspectives.  One of the 
principle reasons for the focus on alkane oxidation is that for full boiling range fuels, like 
JP-8, alkanes typically compose over 60% of the total volume (Edwards and Maurice, 
2001).  Since Semenov’s free radical theory was published, there has been steady 
progress to examine larger and larger alkanes; e.g., propane (Dagaut et al., 1987; Koert et 
al., 1994), n- butane (Pitz and Westbrook, 1986; Hoffman and Litzinger, 1991), n-
heptane (Minetti et al., 1995; Ciajolo and D'Anna, 1998), iso-octane (Ciajolo et al., 1993; 
D'Anna et al., 1992), and n-decane (Bales-Gueret et al., 1992; Doute et al., 1995).  Due to 
these studies and others, a hierarchal general low to high temperature oxidation 
mechanism for C3 and larger hydrocarbons has been developed, Figure 9. 
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Where; ui = unimolecular initiation; bi = bimolecular initiation; ad = Addition of a free radical on an unsaturated molecule; adox = 
Addition of a free radical on oxygen; is = Isomerization of a free radical; bs = Unimolecular decomposition of a free radical by beta-
scission; or = Unimolecular decomposition of a free radical to an oxygenated ring (cycloether); ox = H-abstraction of a free radical by 
oxygen; me = H-abstraction of a molecule by a free radical; co = Combination of two free radicals; dis = Disproportionation of two 
free radicals. 
Figure 9: Schematic of alkane hydrocarbon oxidation (Glaude et al., 2000). 
 
 
 
In the low and intermediate temperature regime some pathways shown above are not 
important.  The primary reactions for low temperature oxidation of C3 and larger alkanes 
can be modeled by the scheme presented below (Curran et al., 1995; Ranzi et al., 1997).  
 
 
 
MORH ++ 2 ⎯→← MOHR ++ 2&&  (Aka1) 
2OHRH &+  ⎯→← 22OHR +&  (Aka2) 
HORH &+  ⎯→← OHR 2+&  (Aka3) 
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2OR +&  ⎯→← 2OR &  (Aka4) 
MOR ++ 2&  ⎯→ MOHRR ++= 2"' &  (Aka5) 
R&  ⎯→ '''"' RRR &+=  (Aka6) 
RHOR +2&  ⎯→ RROOH &+  (Aka7) 
2OR &  ⎯→ ORCHOR "' +  (Aka8) 
222 OHOR +&  ⎯→ 2OHROOH &+  (Aka9) 
22 OHOR && +  ⎯→ 2OROOH +  (Aka10) 
22 'OROR && +  ⎯→ 2' OOROR ++ &&  (Aka11) 
'2 ROR && +  ⎯→ OROR && '+  (Aka12) 
ROOH  ⎯→← HOOR && +  (Aka13) 
2OR &  ⎯→← OOHQ&  (Aka14) 
OOHQ&  ⎯→← 2' OHRR &+=  (Aka15) 
OOHQ&  ⎯→ RCHOOHR +'&  (Aka16) 
OOHQ&  ⎯→ +HO&
O
RR  
(Aka17) 
OOHQ&  ⎯→ HOCHORRR &++= "' (Aka18) 
MOH +22  ⎯→ MHOHO ++ &&  (Aka19) 
2' OCHOR +  ⎯→ 2' OHOCR && +  (Aka20) 
2OOOHQ +&  ⎯→ OQOOHO&  (Aka21) 
OQOOHO&  ⎯→ OOHQHOO &  (Aka22) 
OOHQHOO &  ⎯→ HOQOOHO &+=  (Aka23) 
QOOHO =  ⎯→ CHORCHOR & ′′+'  (Aka24) 
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In general, the temperature dependence of alkane initiation is such that they do not 
react until about 400 K.  Above 400 K, the decomposition of the parent fuel molecule 
(RH) is initiated by the removal of a hydrogen by molecular oxygen (Aka1).  However, 
this step, called an abstraction reaction, is highly endothermic, roughly 180 – 230 kJ/mol 
depending on the parent fuel and the bond energy of the abstracted H atom, and requires 
an activation energy proportional to the endothermicity.  To provide this energy, the 
reaction requires a collision with a third species, which can be any component of the 
mixture, either a radical or a stable molecule.  Due to the variations in the activation 
energies, the abstraction process is very selective as to which hydrogen is removed.  
Depending on the abstraction site, a different alkyl radical )(R&  will be formed.  For any 
given hydrocarbon, the hydrogen atoms can be labeled in such a fashion as to indicate 
which abstraction sites will produce the same radicals and intermediates.  For n-
dodecane, the 6 distinct abstraction sites can be labeled as “a”, “b”, “c”, “d” , “e”, and 
“f”, as shown in Figure 10, using a notation suggested by Curran and coworkers (1998; 
2002).  On the other hand, 2,2,4,4,6,8,8-heptamethyl-nonane (iso-cetane) has 8 unique 
abstraction sites, labeled as “a” through “h”, in Figure 10. 
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abcdeffedcba
aCCCCCCCCCCCCa
abcdeffedcba
−−−−−−−−−−−  
 
n-dodecane (C12H26) 
hca
hChcCcaCa
hgedba
hCCCCCCCCCa
hgdba
hChfCfcCcaCa
hfca
||
|
||||
−−−−−−−−
 
 
2,2,4,4,6,8,8-heptamethyl-nonane (C16H34) 
Figure 10: Structure and H-abstraction sites of n-dodecane and iso-cetane. 
 
 
 
One of the factors that affects the location of the abstraction site is the C – H bond 
energy.  Tertiary hydrogen bonds, those on carbon atoms that are bonded to 3 other 
carbon atoms, are the weakest C-H bond type and most vulnerable to abstraction.  
Secondary hydrogen bonds, those on carbon atoms that are bonded to 2 other carbon 
atoms, are the next weakest.  The primary hydrogen bonds, those on carbon atoms that 
are bonded to one other carbon atom, are the strongest.  n-Dodecane only contains 
primary and secondary hydrogen bonds, therefore, one would expect that the secondary 
hydrogen bond sites should be the first abstracted.  Studies by Westbrook and Leppard 
have shown however that energy is not always the controlling factor.  In several instances 
overwhelming numbers of a particular type of site on a hydrocarbon can shift the most 
likely initiation to this site despite its higher bond strengths (Leppard, 1992; Westbrook et 
al., 1991).  The “a” primary hydrogen bonds in n-dodecane only have a 3:2 advantage 
over any one of the secondary bonds, therefore, it is unlikely that the “a” sites would be 
the preferred abstraction sites.  Therefore, one of the secondary bond sites would be the 
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preferred abstraction location, but due to the extremely limited experimental information 
the exact site is unknown.  2,2,4,4,6,8,8-Heptamethyl-nonane (iso-cetane) contains 
primary, secondary, and tertiary hydrogen bonds, therefore, one could expect that the 
tertiary hydrogen atom would be the first abstracted.  However, given there are 9 primary 
hydrogen bonds, compared to the single tertiary bond, it is likely that the “a” or “h” 
hydrogens would be the preferred abstraction sites.  Once sufficient radicals have been 
formed, the decomposition of the parent fuel molecule is accomplished by reactions 
Aka2, Aka3, and Aka7.  Due to the higher reactivity of the hydroxyl radical )( HO& , 
reaction Aka3 would be the preferred reaction for fuel decomposition. 
Once the alkyl radical )(R& is formed, it can either react with oxygen to form the 
alkylperoxy radical )( 2OR &  (Aka4) or decompose into a lower molecular weight alkene 
and smaller alkyl radical by β-scission (Aka6).  β-Scission refers to the breakage, or 
scission, of the C-C bond one removed from the carbon atom bearing the radical, the beta 
bond.  Depending on the location of the abstraction, the n-dodecyl radical, 2512 HC& , may 
have one or two beta bonds as illustrated by a squiggly line in Figure 11.   
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“b” dodecyl radical )( 2512 HCb &  
Figure 11: Schematic of two dodecyl radicals illustrating the location of the beta bond. 
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The beta bond will be the first C-C bond to break as it is weakened by the presence of the 
radical site.  If the β-scission occurs to a “d”-dodecyl radical, then either 1-decene plus a 
ethyl radical or 1-pentene plus a heptyl radical will be formed.  However, if the β-scission 
occurs to a “b”-dodecyl radical, then 1-propene and a nonyl radical, 199 HC& , will be 
formed.  For iso-cetane, β-scission of an “a” iso-cetane radical will result in the 
production of either 2,4,4,6,8,8-hexamethyl-1-nonene plus a methyl radical or 2-methyl-
1-propene plus a 2512 HC&  radical.  
The alkylperoxy radical has multiple paths in which to decompose.  For lower 
molecular weight hydrocarbons, the alkylperoxy radical reacts with a fuel molecule to 
form the alkylhydroperoxide )(ROOH and an alkyl radical (Aka7).  For larger molecular 
weight hydrocarbons, the alkylperoxy radical can easily isomerize by internal abstraction 
of a hydrogen to form a OOHQ& radical.  OOHQ& rapidly breaks down to form various 
intermediates such as cyclic ethers (Aka17), conjugate alkene (Aka15), carbonyls, and 
lower molecular weight alkenes (Aka18).  If an “a” iso-cetane radical isomerizes by 
abstraction of an “e” hydrogen, then the resulting radical can form 3,5-dimethyl-3-(2,4,4-
trimethyl-pentyl)-tetrahydropyran and a hydroxyl radical (Aka17).  If a “b”-dodecyl 
radical isomerizes by abstraction of an “e” hydrogen, then the resulting radical can form 
2-methyl-5-heptyl-tetrahydrofuran and a hydroxyl radical.  Given the number of available 
abstraction sites with large hydrocarbons, a large variety of cyclic ethers and other 
intermediates can be formed.  However, for larger alkanes, greater than C9, identification 
of the ethers becomes increasingly difficult, due to the inability to purchase standards and 
unknown fragmentation patterns from mass spectroscopy measurements.   
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CH3
CH3
CH3
CH3
CH3
CH3
 
3,5-dimethyl-3-(2,4,4-trimethyl-pentyl)-
tetrahydropyran 
CH3
CH3
O
 
2-methyl-5-heptyl-tetrahydrofuran 
Figure 12: Possible ethers formed during iso-cetane and n-dodecane oxidation. 
 
 
 
In addition to the above reactions, the OOHQ& radical may react with molecular 
oxygen to form the OQOOHO& radical (Aka21).  As with the previous alkylperoxy radical 
)( 2OR & , OQOOHO&  may internally abstract a hydrogen and decompose by breaking the 
O-O bond to form a hydroxyl radical and a ketohydroperoxide )( QOOHO = .  The 
hydrogen abstraction location is typically assumed to occur from the carbon atom 
containing the hydroperoxide group.  The ketohydroperoxide will remain until the 
temperature increases sufficiently for it to decompose.  In models by Curran et al. (1995), 
the decomposition of the ketohydroperoxide species was assumed to yield a hydroxyl 
radical, an aldehyde, and a carbonyl radical (Aka24).  The consequence of this two-step 
approach through a relatively stable intermediate is that, instead of a single step 
producing two hydroxyl radicals, it retards chain branching until higher temperatures 
occur. 
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These reactions account for most of the primary intermediate species observed during 
the oxidation of alkanes.  As the fuel molecule size increases, the number of potential 
radical sites further increases, resulting in a significantly larger variety of stable 
intermediate species that can be produced.  Detailed models by their very nature must 
account for the formation and decomposition of all of these molecules.  However, 
educated elimination of the radical sites that have limited impact on the overall reactivity 
is one method that has been employed to reduce the number of reactions in alkane 
mechanisms.  A second method has been to simplify the decomposition of secondary 
intermediate species, such as alkenes.   
 
2.2.2 Alkene Oxidation Chemistry 
In JP-8, alkenes are typically 1-3% of the total volume (Edwards and Maurice, 2001).  
Due to their low concentrations, they have often been excluded from JP-8 surrogates.  
However, alkenes are major intermediates of alkanes, therefore, their oxidation will be 
briefly described here.  Previous alkene research has typically focused on the oxidation of 
lower molecular weight alkenes, such as 1-propene, 1-butene, cis & trans-2-butene, and 
1-pentene and a few selected larger alkenes (e.g., Hoffman and Litzinger, 1991; Kumar, 
1994; Lenhert, 2004; Leppard, 1989, 1992; Minetti et al., 1999).  Nevertheless, the 
research has shown that alkenes decompose through two different pathways.  The first 
pathway occurs via abstraction of a hydrogen along the alkyl chain with the reaction 
processing identically to that of alkane fuels discussed previously.  The second pathway 
occurs via radical addition to the double bond.  The pathways associated with radical 
addition to the double have been outlined by Leppard (1992) and are presented below. 
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(Ake7)
 
⎯→←
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As previously mentioned, the decomposition of the parent alkene can occur by two 
different pathways, hydrogen abstraction or radical addition.  As with alkanes, the 
abstraction process is highly endothermic and requires collision with a third body to 
supply energy.  Similar to alkanes, the local molecular structure affects the associated C-
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H bond strength.  However, the presence of the double bond further weakens the C-H 
bond strength of the hydrogen atoms adjacent to the double bond, the allylic hydrogen.  
Assuming that the allylic hydrogen is abstracted, the alkene radical can decompose 
following the alkane mechanism outlined previously.  Thus, the alkene can decompose to 
form products with additional double bonds or double bonds in the cyclic ethers, 
depending on the site of the double bond and the length of the alkyl chain.  
The second pathway for the decomposition of the parent alkene molecule occurs 
through the addition of radicals to the double bond.  However, these pathways are only 
available after the initial radical pool has been established.  If a hydroxyl radical attaches 
to the double bond, it may decompose via reaction Ake2 to form a carbonyl and an alkyl 
radical.  This pathway is more important at lower pressures and becomes less important 
at higher pressures (Leppard, 1989).  Once the radical has attached to the double bond, 
molecular oxygen may attach at the radical site to form OQOHO& (Ake3).  This newly 
formed radical can form a six-member ring that rapidly decomposes to form two 
aldehydes and a hydroxyl radical.  This reaction, dubbed the “Waddington” mechanism 
was first introduced by Waddington and Ray (1968; 1973).  Analysis by Wilk et al. 
(1989) suggested that this is a major reaction pathway for 1-propene oxidation based on 
their static reactor studies.  However, more recent studies by Waddington (Stark and 
Waddington, 1995) and Prahbu et al. (1996) questioned the importance of this pathway.  
Numerical simulations by Prahbu suggested a four times reduction in the ratio of radical 
addition versus hydrogen abstraction should occur when the alkene increases in size from 
1-propene to 1-pentene.  Therefore, the Waddington mechanism may not be important 
during the decomposition of the high alkenes produced in the oxidation of large 
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molecular weight alkanes.  The only other suggested pathway, albeit unlikely, for the 
decomposition of the OQOHO& radical is through the loss of a hydroxyl radical consisting 
of an oxygen from the peroxy group and a hydrogen from the carbon atom to which the 
peroxy group is attached (Ake8).  Instead of a hydroxyl radical addition, a hydroperoxy 
radical can attach to the double bond to form OOHQ& of the alkane mechanism.  Due to 
the proximity of the radical site, the OOHQ& can easily react to form an ether (oxirane) 
and a hydroxyl radical (Ake7).   
The preferred pathway, H-abstraction or radical addition, will be highly dependent on 
the length of the alkyl chain and the location of the double bond.  As the alkyl chain 
length increases, H-abstraction will likely become the dominant decomposition pathway.  
However, there are insufficient investigations on larger molecular weight alkenes, like 
those found in JP-8 or produced during the oxidation of large molecular weight alkanes, 
to ascertain the relative strength of radical addition versus hydrogen abstraction.    
 
2.2.3 Naphthene Oxidation Chemistry 
In full boiling range fuels, like JP-8, naphthenes typically make-up approximately 
20% of the total volume (Edwards and Maurice, 2001).  However, the oxidation of 
naphthenes has not been thoroughly investigated.  A few studies have coupled detailed 
experimental studies with modeling to elucidate a general naphthene mechanism, e.g., 
cyclopentane and cyclohexane (Voisin et al., 1998; El Bakali et al., 2000).  For high 
temperature methylcyclohexane (MCH) oxidation, Granata et al. (2003) has proposed the 
following primary propagation reactions with the primary decomposition products 
singled out by a dashed box, Figure 13. 
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Figure 13: Primary propagation reactions for high temperature oxidation of methylcyclohexane 
(Granata et al., 2003). 
 
 
 
The decomposition of the MCH molecule can be initiated by several pathways.  
Hydrogen can be abstracted by a fuel radical, as shown above, or by molecular oxygen 
and radicals in pathways similar to those shown for alkane oxidation, specifically Aka1, 
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Aka2, Aka3, and Aka7.  For mixtures in the low and intermediate temperature regimes, 
hydrogen abstraction by HO&  (Aka3) or 2OH & (Aka2) will be the likely mode for the 
initial hydrogen abstraction.  As with other hydrocarbons, the initial abstraction location 
is determined by the bond energy associated with each C-H bond.  MCH contains 
primary, secondary, and tertiary hydrogen bonds, therefore, one should expect that the 
tertiary hydrogen bond site, the “b” hydrogen, to be the first abstracted, Figure 14.  
However, an insufficient number of studies exist to determine the preferred abstraction 
site. 
 
 
 
 
Figure 14: Structure and H-abstraction sites of methylcyclohexane. 
 
 
 
Nevertheless, five different cyclic radicals can be formed from the initial abstraction.  
β-Scission reactions can open the ring structure to produce linear or branched C7H13 
radicals, as shown in Figure 13.  The importance of direct ring rupture from β-scission 
would likely decrease, while reactions with oxygen would become more important at 
lower temperatures.  Currently, there are insufficient low temperature experiments to 
provide a foundation for a low temperature MCH mechanism (Granata et al., 2003).  
However, the primary pathways would likely be analogous to the low temperature 
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pathways of cyclohexane.  Granata and coworkers have suggested the following lumped 
mechanism for the low temperature decomposition of cyclohexane by oxygen. 
 
 
 
MOHCcy ++ 2116&  ⎯→← MOOHcyC +&116  (Nap1)
MOHCcy ++ 2116&  ⎯→← MOHHcyC ++ 2106 &  (Nap2)
OOHcyC &116  ⎯→← OOHHCcy 106&  (Nap3)
OOHHCcy 106&  ⎯→← HOCHOHCcy && +96  (Nap4)
OOHHCcy 106&  ⎯→← HOOHCcy && +106  (Nap5)
OOHHCcy 106&  ⎯→← 2106 OHHCcy && +  (Nap6)
2106 OOOHHCcy +&  ⎯→← OOHHOCOcy 106&  (Nap7)
OOHHOCOcy 106&  ⎯→← HOOHOCOcy && +=106  (Nap8)
OHOCOcy =106&  ⎯→ 4222 HCCOCHCHOHCHO +++ &&  (Nap9)
 
 
 
These pathways are similar to the decomposition pathways outlined previously for 
alkanes.  Extending these pathways to the oxidation of methylcyclohexane, and utilizing 
the assumption that the methyl side chain will decompose in a similar mechanism as for 
toluene oxidation, the following mechanism can be postulated.   
 
 
 
MOCHHcyC ++ 23116  ⎯→← MOHHCHcyC ++ 22116 &&  (Nap10)
HOCHHcyC &+3116  ⎯→← OHHCHcyC 22116 +&  (Nap11)
23116 OHCHHcyC &+  ⎯→← 222116 OHHCHcyC +&  (Nap12)
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22116 OHCHcyC +&  ⎯→← 22116 OCHHcyC &  (Nap13)
MOCHHcyC +22116 &  ⎯→← MHOCHOHcyC ++ &116  (Nap14)
MCHOHcyC +116  ⎯→← MHOCHCcy ++ && 116  (Nap15)
HOCHOHcyC &+116  ⎯→← OHOCHcyC 2116 +&  (Nap16)
MOCHcyC +&116  ⎯→← MCOHCcy ++116&  (Nap17)
 
 
 
Following these pathways, the decomposition of the MCH molecule is initiated by the 
abstraction of a hydrogen from the alkyl side chain (Nap10).  However, for mixtures in 
the low and intermediate temperature regimes, hydrogen abstraction by HO&  (Nap11) or 
2OH & (Nap12) will be the likely mode of the initial decomposition.  Molecular oxygen can 
add to the radical site Nap13.  Once an oxygen atom has been added to the methyl chain, 
additional hydrogen loss can occur though pyrolytic cleavage, which results in the 
formation of cyclohexanecarboxaldehyde (Nap14).  The carbonyl group can be removed 
by two pathways.  At higher temperatures, the carbonyl group can be removed by pyrolic 
cleavage (Nap15).  At lower temperatures, cyclohexanecarboxaldehyde can decomposes 
though hydrogen abstraction of the side chain (Nap16), followed by removal of carbon 
monoxide to form a cyclohexyl radical (Nap17).  Once the cyclohexyl radical has been 
formed, it can decompose along the pathways suggested by Granata and coworkers.  
Once again, oxygen can abstract a hydrogen resulting in the formation of cyclohexene 
(Nap2).  Or the molecular oxygen can be added to the radical site (Nap1), followed by 
internal isomeration (Nap3).  However, unlike alkanes the stiffness of the ring should 
limit the internal isomerizations.  After isomerization, a second oxygen molecule can be 
added to the available radical site, followed by decomposition in a mechanism analogous 
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to OQOOHO& decomposition in alkanes.  Granata has assumed the decomposition of the 
cycloketohydroperoxide results in the formation of ethene, a carbonyl radical, and a 
hydroxyl radical. 
As seen, there is significant uncertainty in the oxidation of naphthenes in the low and 
intermediate temperature regime.  The available low temperature studies have only 
examined cyclohexane oxidation, thus a low temperature mechanism had to be deduced 
for methylcyclohexane.  In addition to the uncertainty of the deduced mechanism, several 
significant questions remain to be answered.  First, there is likely a competition between 
hydrogen abstraction from the ring and the alkyl side chain, so, the assumption that the 
dominant abstraction location is from the alkyl side chain may not be valid.  Secondly, 
the cyclohexane ring is not resonantly stabilized like the benzene ring in aromatics, thus 
it is unclear as to the possibility or extent of ring scission in the low temperature regime.  
Nevertheless, cyclohexane and methylcyclohexane have been identified as “reference” 
compounds for the oxidation of the naphthenes fraction in full boiling range fuels.  
Therefore, it is critical to develop a fundamental understanding of their oxidation in the 
low and intermediate temperature regime.  The next section will discuss the oxidation 
mechanism of the aromatics species.   
 
2.2.4 Aromatic Oxidation Chemistry 
In diesel and kerosene fuels, aromatics can represent a significant fraction of the fuel, 
30% by volume.  Aromatic hydrocarbon oxidation has not been extensively investigated 
at conditions relevant to autoignition.  Most of the investigations have focused on 
monocyclic aromatics, not bicyclic and larger aromatics.  The monocyclic aromatics 
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studies have almost exclusively focused on either benzene or toluene in the high 
temperature regime, due to their resistance to oxidation at lower temperatures.  However, 
Shaddix and coworkers (1997) have suggested that bicyclic aromatics may follow the 
same chemical reaction pathways as monocyclics based upon their studies with 1-
methylnaphthalene and toluene.  The modeling of the aromatic compounds also present 
special difficulties and kinetic complexities as they are inextricably linked with the 
formation of polycyclic aromatic hydrocarbons (PAH) and soot.  However, the oxidation 
of hydrocarbon mixtures at low and intermediate temperatures will generate sufficient 
radical concentrations to react with the aromatic fraction of multi-component fuels, but 
these interaction reactions is not well understood.  Most studies have assumed that the 
interaction is through a small set of radicals and does not substantially alter the reaction 
pathways observed during neat studies.  The general features of neat aromatic oxidation 
were outlined by Venkat et al. (1982) and are presented below. 
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Figure 15: General features of aromatic oxidation. 
 
 
 
Given the significant uncertainty in the oxidation mechanism of bicyclic aromatics 
and given that toluene has been suggested as a “reference” compound for the aromatic 
portion of full boiling range fuels, the oxidation mechanism for toluene will be discussed 
in further detail.  For toluene oxidation, Venkat et al. (1982) and Brezinsky et al. (1986) 
have proposed similar high temperature mechanisms and the combined mechanism is 
shown below, where φ  indicates a phenyl group. 
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MOCH ++ 23φ  ⎯→← MOHHC ++ 22 &&φ  (Ar1) 
HCH &+3φ  ⎯→← 22 HHC +&φ  (Ar2) 
HOCH &+3φ  ⎯→← OHHC 22 +&φ  (Ar3) 
OCH &+3φ  ⎯→← HOHC && +2φ  (Ar4) 
22 OHC +&φ  ⎯→← OOCH && +2φ  (Ar5) 
RHOCH +&2φ  ⎯→← ROHCH &+2φ  (Ar6) 
MOCH +&2φ  ⎯→← MHCHO ++φ  (Ar7) 
MCHO +φ  ⎯→← MHOC ++ &&φ  (Ar8) 
HOCHO &+φ  ⎯→← OHOC 2+&φ  (Ar9) 
HCHO &+φ  ⎯→← 2HOC +&φ  (Ar10) 
OCHO &+φ  ⎯→← HOOC && +φ  (Ar11) 
MOC +&φ  ⎯→← MCO ++φ&  (Ar12) 
2O+φ&  ⎯→← OO && +φ  (Ar13) 
3CHO φφ +&  ⎯→← 2HCOH &φφ +  (Ar14) 
O&φ  ⎯→← O=φ&  (Ar15) 
O=φ  ⎯→← COHC +55&  (Ar16) 
355 CHHC φ+&  ⎯→← 265 HCHC &φ+  (Ar17) 
255 OHC +&  ⎯→← OOHC && +55  (Ar18) 
OHC && +55  ⎯→← OHC &55  (Ar19) 
OHC &55  ⎯→← OHC =55&  (Ar20) 
OHC =55&  ⎯→← HCHCCHCHCO &−−=+ 2  (Ar21) 
HCHCCHCH &−−=2  ⎯→← HCHCCHCH &+≡−=2  (Ar22) 
RHHCHCCHCH +−−= &2 ⎯→← RCHHCCHCH &+−−= 22  (Ar23) 
RHHCHCCHCH +−−= &2 ⎯→← CHHCHCCH ≡+= &2  (Ar24) 
HCCH &=2  ⎯→← CHHC ≡  (Ar25) 
RHHCCH += &2  ⎯→← RCCH H &+= 22  (Ar26) 
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The decomposition of the toluene molecule can be initiated by two modes, the 
abstraction of a hydrogen from the side chain (Ar1) or pyrolytic cleavage of a hydrogen 
atom from the methyl group.  However, for mixtures in the low and intermediate 
temperature regimes, hydrogen abstraction by HO&  (Ar3) or 2OH &  will be the likely mode 
of the initial decomposition of toluene.  Decomposition through molecular oxygen 
addition to the radical site was a major pathway with alkanes and alkenes, however, at 
higher temperatures the O-O bond will break during addition (Ar5).  Once an oxygen 
atom has been added to the methyl chain, additional hydrogen loss can occur though 
pyrolytic cleavage resulting in the formation of benzaldehyde (Ar7).  The benzaldehyde 
decomposes though hydrogen abstraction of the side chain (Ar11), followed by removal 
of carbon monoxide to form a phenyl radical (Ar12).  The phenyl radical is unusual as it 
is resonantly stabilized and does not have C-C bonds that may be broken by β-scission.  
One consequence of long-lived radicals, like phenyl, is that the radical-radical reactions 
become more likely as the concentration of the long-lived radicals increases.  Therefore, 
the recombination of benzyl-benzyl radicals to form dibenzyl or the recombination of 
benzyl-methyl radicals to form ethyl-benzene is possible.   
 
 
 
 
 
dibenzyl ethyl-benzene 
Figure 16: Structure of dibenzyl and ethyl-benzene. 
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Once the side chain has been removed to form the phenyl radical, the benzene ring 
will decompose.  This occurs via a relatively slow sequence of oxygen addition and 
subsequent decomposition to CO and a cyclopentadienyl radical.  Like phenyl, the 
cyclopentadienyl radical is resonantly stabilized and is expected to build to relatively 
high concentrations.  However, the decomposition pathways of the cyclopentadienyl 
radical are still debated.  Some have suggested that molecular oxygen addition to the 
cyclopentadienyl radical is the major decomposition route for the radical (Ar18), but the 
high endothermicity of this reaction would make this pathway unlikely.  Instead, a 
radical-radical oxidation pathway should be more likely (Ar19).  The subsequent 
decomposition of the OHC &55  radical will result in butadienyl radical (Ar21), the first 
oxidation step where the ring has been opened.  Once the butadienyl radical has formed, 
it will decompose following similar pathways outlined for the alkenes and alkanes. 
The aromatic compounds represent a significant volume fraction of both diesel and 
gasoline fuels, however the oxidation of aromatic compounds has not received significant 
attention.  As noted, most of the studies have focused on the high temperature oxidation 
of monocyclic aromatics.  Although the relative proportion of monocyclic to bicyclic or 
larger aromatics in JP-8 is not known, it is reasonable to assume that they may occur in 
appreciable concentrations as bicyclic aromatics have roughly the same carbon number as 
JP-8 and they have been included in several of JP-8 surrogates.  As a result, bicyclic 
aromatic compounds need to be examined to elucidate their influence on the oxidation 
process, specifically soot production and autoignition.  The next section will discuss the 
oxidation mechanism of aldehydes. 
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2.2.5 Aldehyde Oxidation Chemistry 
Although not specifically found in most fuels, aldehydes are a major intermediate 
species formed during hydrocarbon oxidation and aldehydes are the major source of 
carbon monoxide in the low and intermediate temperature regime.  The mechanism for 
the decomposition of an aldehyde to form carbon monoxide is shown below. 
 
 
 
2' OCHOR +  ⎯→← 2' OHOCR && +  (Ald1) 
2' OHCHOR &+ ⎯→← 22' OHOCR +& (Ald2) 
MOCR +&'  ⎯→← MCOR ++'&  (Ald3) 
OHCO +  ⎯→← HCO +2  (Ald4) 
 
 
 
At lower temperatures, significant amounts of 2OH &  are produced from the relatively fast 
reaction between molecular oxygen and an aldehyde (Ald1).  The 2OH &  radical can 
continue to react with another aldehyde to form hydrogen peroxide (Ald2).  The primary 
branching mechanism for low temperature aldehyde oxidation results from the 
decomposition of the hydrogen peroxide into two hydroxyl radicals.  The OCR &' radical 
can decompose to form an alkyl radical and carbon monoxide (Ald3).  At the higher 
temperatures, the major route for CO2 production occurs through reaction (Ald4).  CO2 
can be produced through the acylperoxy radical ( 2RCOO ) at lower temperatures.  The 
mechanism for low temperature CO2 formation is shown below. 
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2' OOCR +&  ⎯→← 2' OCOR &  (Ald5) 
RHOCOR +2' & ⎯→← RHCOOR &+2' (Ald6) 
HCOOR 2'  ⎯→← HOCOR &+2'  (Ald7) 
2'COR  ⎯→← 2' COR +&  (Ald8) 
 
 
 
As a major intermediate species and a major source of CO formation, aldehyde 
decomposition must be included in any alkane, alkene, or aromatic mechanism.  The 
mechanism outlined above has been used extensively in current models to describe the 
decomposition of aldehydes.  However, additional research may need to be conducted to 
examine the oxidation of larger aldehyde species that form from large hydrocarbon fuels   
 
2.3 JP-8/Jet-A Surrogate Studies 
Since the DoD Directive 4140.43 mandated the conversion to JP-8 for all air and land 
forces, there have been several studies to examine CI engine operation on JP-8.  The most 
extensive of these studies was an application and feasibility demonstration conducted by 
the U.S. Army.  The demonstration was conducted at Fort Bliss, Texas and Fort Irwin, 
California between 1989 and 1992.  It investigated many fuel related concerns, including: 
safety, filter plugging, fuel injectors wear and fouling, power output, fuel consumption, 
vehicle smoke production, and vehicle cooling.  The demonstration included over 2,800 
vehicles/equipment and 4.7 million gallons of JP-8.  Many of the conclusions of this 
demonstration were presented previously and were reported in a series of papers and 
reports (Lestz and LePera, 1992; TARDEC, 2001; Bowden et al., 1989).  Due to the 
inherent complexities of full boiling range fuels, like JP-8, researchers have often created 
simplified surrogates of known compositions to allow fundamental investigations.  This 
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chapter describes some of the current surrogates that have been developed by other 
researchers. 
Edwards and Maurice (2001) reviewed the current status of surrogate development 
for many of the current military fuels, including Jet-A, JP-5, JP-7, JP-8, and the liquid 
hydrocarbon rocket fuel, RP-1.  In addition, the authors reported the typically properties 
for each of the fuels.  The properties published in this paper, reproduced in Table 5, 
represent one of the first widely available sources of this information, and have been the 
foundation for many of the recent JP-8 surrogates.  The authors outlined some general 
guidelines for various surrogate applications.  They suggested that the only physical 
situation that can be modeled with a single component surrogate is single-phase heat 
transfer, whereas, fuel injection, vaporization, and mixing (without chemical reaction) 
may need to be represented by a multi-component surrogate.  Furthermore, higher 
precision heat transfer, fuel heat release, flame speed, fuel ignition, and general fuel 
thermal-oxidation behavior could be adequately captured by a surrogate that included the 
major chemical classes of the fuel.  However, the authors argued that thermal deposition 
and soot formation can not be captured by a surrogate fuel as they are dependent on trace 
species.  A common theme of this paper (and others) was the guidelines for selection of 
the components in a chemical surrogates.  In general, the surrogate should have: 
(1) a limited number of components, typically10 -15 components, 
(2) similarity in volatility, chemical composition, and combustion properties to the 
real fuel, 
(3) high purity, and 
(4) minimum cost. 
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Table 5: Typical aviation fuel properties. 
Property JP-4 JP-5 JP-7 JP-8  (Jet-A/A-1) RP-1 
Approx. 
Formula C8.5H17 C12H22 C12H25 C11H21 C12H24 
H/C ratio 1.99 1.87 2.02 1.91 1.98 
Boiling Range 
(°F) 140-460 360-495 370-480 330-510 350-525 
Freeze Point 
(°F) -80 -57 -47 
-60 JP-8/Jet A-1 
-50 Jet-A -55 
Flash Point 
(°F) -10 147 140 127 134 
Net Heating 
Value 
(BTU/lb) 
18,700 18,530 18,700 18,580 18,650 
Specific 
Gravity 0.76 0.81 0.79 0.81 0.81 
Critical T 620 750 750 770 770 
Critical P 450 290 305 340 315 
Average Composition     
Aromatic 
(% vol) 10 19 3 18 3 
Naphthenes 
(% vol) 29 34 32 20 58 
Alkanes 
(% vol) 59 45 65 60 39 
Alkenes 
(% vol) 2 2 - 2 - 
Sulfur (ppm) 370 470 60 490 20 
 
 
 
Heneghan and coworkers (1993) investigated the thermal stability of JP-8 and 
developed a physical surrogate to aid in the kinetic understanding of jet fuel stability.  
The surrogate developed, shown in Table 6, was designed to mimic the distillation curve 
and compound classes of JP-8.  The surrogate reproduced the general oxidation behavior 
of JP-8, but was not able to reproduce the deposition levels.  The failure of the surrogate 
to reproduce the deposition levels was primarily because the deposition process is 
controlled by trace species, such as metal and heteroatoms (Edwards and Maurice, 2001). 
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Table 6: JP-8 surrogate formulation of Heneghan et al. (1993) 
Compound Mass, % 
Methylcyclohexane 5.0 
m-Xylene 5.0 
Cyclooctane 5.0 
Decane 15.0 
Butylbenzene 5.0 
Tetramethylbenzene 5.0 
Tetralin 5.0 
Dodecane 20.0 
Methylnaphthalene 5.0 
Tetradecane 15.0 
Hexadecane 10.0 
Isooctane 5.0 
 
 
 
Violi et al. (2002a; 2002b) have developed several surrogates that have been designed 
for use in pool fire simulations.  The surrogates were constructed to mimic the distillation 
and compositional characteristics of JP-8.  Three different fuel samples were used during 
the design of the surrogates; a typical Jet-A fuel (purchased from the local airport), a JP-8 
sample from Wright-Patterson Air Force Base (WPAFB), and a Jet A-1 sample that was 
also used in the premixed burner studies by Doute et al. (1995).  In their Mediterranean 
Section of the Combustion Institute (MSCI) paper (Violi et al., 2002a), two surrogates 
were developed, Table 7, which reasonably match the distillation curve of the JP-8 
samples, Figure 17. 
 
 
 
Table 7: JP-8 surrogate formulations of Violi and coworkers (Violi et al., 2002a). 
Sur_1 (MSCI) Sur_2 (MSCI) 
Compound Vol % Compound Vol % 
isoOctane 10.0 isoOctane 5.0 
Methylcyclohexane 20.0 Methylcyclohexane 5.0 
m-Xylene 15.0 Toluene 20.0 
n-Dodecane 30.0 n-Decane 25.0 
Tetralin 5.0 n-Dodecane 25.0 
n-Tetradecane 20.0 n-Tetradecane 20.0 
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Figure 17: Boiling-point curves for the JP-8 surrogates and Jet-A and JP-8 samples (Violi et al., 
2002a). 
 
 
 
Refinement of the first two surrogates was reported in the Combustion Science and 
Technology (CS&T) paper, (Violi et al., 2002b).  The two additional surrogates that were 
developed are reported in Table 8.  However, a confusing naming scheme was utilized 
between the two papers, as Sur_1 in this paper is the same as Sur_2 from the previous 
MSCI paper.  The authors concluded that Sur_2 (CS&T) provided the best match to the 
distillation curves. 
 
 
 
Table 8: JP-8 surrogate formulations of Violi and coworkers (Violi et al., 2002b). 
Sur_2 (CS&T) Sur_3 (CS&T) 
Compound Vol % Compound Vol % 
Xylenes 8.5 isoOctane 5.5 
Tetralin 8.0 Methylcyclohexane 10.0 
Toluene 20.0 Toluene 10.0 
n-Octane 3.5 Benzene 1.0 
Decalin 35.0 n-Dodecane 73.5 
n-Dodecane 40.0   
n-Hexadecane 20.0   
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However, there was a typo in the formulation of the Sur_2 (CS&T) resulting in greater 
than 100% volume formulation, shown in Table 8.  As a result of personal 
communications with the authors, they have identified their current “best” surrogate, 
Hex-12, and its composition is presented in Table 9. 
 
 
 
Table 9: JP-8 surrogate formulations of Sarofim and coworkers. (Sarofim and Eddings, 2004) 
Hex-12 
Compound Vol % 
Xylenes 15.0 
Tetralin 13.0 
n-Octane 3.0 
Decalin 27.0 
n-Dodecane 30.0 
n-Hexadecane 12.0 
 
 
 
Agosta (2002) developed several surrogates that have been designed to mimic the low 
and intermediate temperature reactivity of JP-8 for use in autoignition studies.  One 
sample of JP-8 procured from Phillips Petroleum Company was used as the baseline for 
the surrogate development.  The experiments were conducted in a pressurized flow 
reactor facility over a range of temperatures (600 – 800 K) and pressures (8 and 12 atm).  
A summary of the surrogate mixtures developed is presented in Table 10.  The surrogate 
mixture S1 was based upon the relative fractions of the functional groups and linear 
blending to achieve a cetane number close to the average value reported for JP-8.  The 
remaining surrogates, S2 – S5, used nonlinear blending to modify the relative fractions of 
the mixtures in an effort to mimic the low temperature reactivity observed for the JP-8 
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sample.  Agosta concluded that based upon reactivity maps, surrogate S5 best reproduced 
the reactivity of the JP-8 sample, Figure 18. 
 
 
 
Table 10: JP-8 surrogate mixtures of Agosta (Agosta, 2002). 
Mix. # n-Dodecane iso-Cetane methyl-Cyclohexane Decalin 
1-methyl-
Naphthalene 
S1 43 27 15 − 15 
S2 32 30 20 − 18 
S3 32 30 15 5 18 
S4 30 32 15 5 18 
S5 26 36 14 6 18 
 
 
 
 
 
 
 
Figure 18: Reactivity map comparisons of JP-8 surrogates developed by Agosta (2002). 
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Cooke et al. (2004) recently examined the oxidation of JP-8 and a JP-8 surrogate in a 
counterflow diffusion flame during which temperature profiles and extinction limits were 
experimentally measured and modeled.  The JP-8 surrogate utilized for this study was 
Sur_1 (MSCI) developed by Violi and coworkers.  Model predictions used a lumped 
kinetic mechanism composing of 5032 reactions among 221 species.  Temperature 
profiles for a 1.6% fuel-inert/75% oxygen-inert flame, on a molar basis, were 
experimentally measured at a strain rate of 115 s-1 for both JP-8 and the surrogate.  The 
surrogate reasonably mimicked the peak temperature of JP-8, however, the surrogate 
position was significantly shifted towards the fuel side.  This was likely due to the higher 
volatility of the surrogate, as compared to JP-8.  However, the mechanism adequately 
modeled both the peak temperature and temperature profile of the JP-8 sample.  A second 
flame with similar inlet conditions (1.4% fuel-inert/75% oxygen-inert flame) and a 
slightly lower strain rate of 95 s-1 was also investigated.  Under these conditions, the 
temperature profiles for the JP-8 sample and the surrogate were significantly closer than 
the higher strain rate flame.  Extinction limits were also experimentally determined for 
both JP-8 and the surrogate at two strain rates, 95 and 115 s-1.  Remarkably, the 
extinction limits between JP-8 and the surrogate were virtually indistinguishable from 
each another, suggesting that the extinction limits could likely be modeled with a 
significantly less complex surrogate.   
The JP-8 surrogates developed by Violi et al. and Agosta are the most widely 
accepted to date.  Violi and coworkers have tested their surrogates against three samples 
of JP-8/Jet-A and Agosta developed their surrogates using only one JP-8 sample.  
However, both studies have assumed that their samples were of “average” composition.  
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It would be desirable to produce one surrogate mixture that could mimic the combustion 
of “average” JP-8 under many different conditions and experimental facilities.  
Therefore, it is important to identify an “average” combustion behavior for JP-8 and 
examine the possibility to develop a “standard” surrogate for multiple combustion 
systems and experimental facilities. 
 
2.4 Large Alkane Studies 
Alkanes may be the most extensively studied hydrocarbon class, but, the 
experimental studies are significantly more limited for the larger compounds that are 
found in full boiling range fuels.  Of the available studies, most are for straight-chained 
alkanes.  This review will focus primarily on experimental and modeling studies of large 
alkanes (≥ C10) at elevated temperatures.   
Bales-Gueret et al. (1992) investigated the oxidation of n-decane (C10H22) in a jet-
stirred flow reactor over a range of temperatures (873 – 1033 K) and equivalence ratios 
(0.2 ≤φ≤ 1.5) at atmospheric pressures.  During the study, gas-phase samples were 
extracted and analyzed by gas chromatography (GC) and gas chromatography with mass 
spectrometry (GC/MS) to determine the concentrations and identities of the major 
intermediates.  Major species identified included: CO, ethylene, 1-propene, methane, 1-
butene, and 1,3 butadiene.  Lower concentrations species included: ethyne, ethane, 1-
pentene, 1-hexene, 1-heptene, 1-octene, and 1-nonene.  Interestingly, hydrocarbons lower 
than C5 were the dominant intermediate species produced, even at early reaction times.  
The smaller hydrocarbons account for over 60% of the intermediate yield and were 
formed directly from the oxidation of the parent fuel or by the oxidation of the larger 
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intermediates.  The study showed that the oxidation of large linear alkanes produced a 
large number of “smaller” intermediates (≥ C5) and that the decomposition of the parent 
fuel was so rapid that its concentration was always low. 
Bikas and Peters (2001) developed a semi-detailed mechanism for the combustion 
and autoignition of n-decane involving 67 species and ~600 reactions.  Due to the 
symmetry of the n-decane molecule, five different hydrogen abstraction locations are 
possible.  In order to limit the size of the mechanism, only 2 of the possible 5 n-decyl 
radicals were included, specifically the “b” and “c”-decyl radicals (using a similar 
naming scheme as previously outlined for the n-dodecyl radicals).  The low temperature 
reactions were also lumped into a small submechanism.  Further simplification of the 
mechanism included the removal of any ether formation from the alkylhydroperoxy 
radical )( OOHQ& via reaction (Aka17) and limiting the ketohydroperoxide 
)( QOOHO = decomposition to formaldehyde, ethene, CO, HO& , and 52 HC& .  At lower 
temperatures (800 K) and elevated pressures (41.4 atm), the mechanism was most 
sensitive to peroxide decomposition )2( 22 MHOMOH +→+ & and OOHQHOO & radical 
decomposition (Aka23).  Nevertheless, the mechanism could adequately reproduce the 
negative temperature coefficient (NTC) behavior, ignition delay times, and several of the 
species evolution profiles.  However, as the author notes, the mechanism adequately 
describes the global quantities, but not the details of flow reactor studies. 
Barbella et al. (1990) examined the oxidation and pyrolysis of n-tetradecane (C14H30) 
and a n-tetradecane/1-methylnaphthalene blend (90%/10% vol) in a direct injection diesel 
engine at two different equivalence ratios.  During the engine cycle, gas-phase samples 
were extracted by a fast sampling valve and analyzed by GC, GC/MS, and high pressure 
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liquid chromatography (HPLC) to determine the concentrations of the major 
intermediates.  During the neat studies, n-tetradecane exhibited very early and efficient 
decomposition to light hydrocarbons mainly by pyrolytic cleavage of the parent fuel 
molecule.  The addition of 1-methylnaphthalene to n-tetradecane showed several 
significant differences in the intermediate and product species distributions.  The 
combustion of the mixture showed earlier formation of CO with respect to the neat study.  
Interestingly, lower concentrations of n-tetradecane and higher formation of light 
hydrocarbons were observed as compared to the neat study.  The light hydrocarbons were 
mainly composed of methane and ethane.  Massive concentrations of ethyne (about 50% 
of the total light hydrocarbons) was only detected at CO maximum.  However, they were 
not able to explain the more efficient conversion of n-tetradecane observed when 1-
methylnaphthalene was added.  The PAH fraction also significantly increased with the 
addition of 1-methylnaphthalene and the identified species included two to seven-ring 
aromatics.  However, monocyclic aromatics were not present in appreciable 
concentrations.   
Sahetchian et al. (1995) investigated n-dodecane oxidation in a constant volume 
oxidation chamber, a motored diesel engine operating near the point of autoignition, and 
a flow apparatus.  During each experiment, samples were extracted and analyzed by GC, 
GC/MS, HPLC, and liquid chromatography with mass spectrometry (LC/MS) to 
determine the relative proportions of the oxygenate species for use in a skeletal 
mechanism with 32 reaction.  However, no information regarding identities or absolute 
concentrations were reported.  Using KIVA-II, a three dimensional and time dependent 
simulation of the diesel engine was preformed.  The model included a spray submodel, a 
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k-ε turbulence submodel, and the skeletal kinetic mechanism.  Simulations showed that 
significant chemical reactions occurred during the ignition delay at the boundary of the 
spray.  The authors suggested that the chemical transformations at the boundaries could 
be a significant source of pollution and would likely play a critical part in the combustion 
process. 
Blin-Simiand et al. (2001) expanded on the previous investigation of Sahetchian and 
coworkers and investigated n-dodecane oxidation in a gas phase flow system and in a 
gas/liquid phase bulb over a range of temperatures at atmospheric pressures.  During the 
study, samples were extracted and analyzed by MS, and GC/MS to determine the 
identities of the oxygenate species.  The authors of the study suggested that for long 
straight-chained alkanes, like those present in full boiling range fuels, internal 
isomerization reactions occur very easily.  As a result, the authors suggested several new 
pathways that can result in the production of carbonyl-hydroperoxides 
))(( OOHOQO ==  bearing four oxygen atoms, two belonging to two carbonyl groups 
(C=O) and one to a peroxide group (COOH).  The pathways suggested by the authors are 
shown below utilizing similar notation used in Section 2.2.1. 
 
 
 
OR &  ⎯→← OHQ&  (B1) 
2OOHQ +&  ⎯→← OQOHO&  (B2) 
OQOHO&  ⎯→← OHQHOO &  (B3) 
2OOHQHOO +&  ⎯→← 2HOOHOOQ +=  (B4) 
QOOHO =  ⎯→← OHOQO += &  (B5) 
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OQO &=  ⎯→← OHQO &=  (B6) 
2OOQO += &  ⎯→← 2OHOQO &+==  (B7) 
2OOHQO += &  ⎯→← OOOHQO &)(=  (B8) 
OOOHQO &)(=  ⎯→← OOHOHQO )(&=  (B9) 
2)( OOOHOHQO += & ⎯→← 2)( OHOOHOQO &+==  (B10) 
 
 
 
Analysis of the samples extracted from the bulb experiment did show concentrations of 
alkylhydroperoxides )(ROOH , specifically, “a”-dodecylhydroperoide, “b”-
dodecylhydroperoide, “c”-dodecylhydroperoide, and “d”-dodecylhydroperoide.  During 
the gas phase flow experiments, analysis showed the presence of both 
ketohydroperoxides )( QOOHO =  and carbonyl-hydroperoxides.  Although the 
experiments were specifically designed to maximize the formation (and identification) of 
the hydroperoxides, engine experiments were conducted to confirm their presence under 
engine conditions.  The presence of the ketohydroperoxides and carbonyl-hydroperoxides 
were detected during the preignition delay in the diesel engine.  However, it is unclear as 
to the relative importance of these pathways.  Given that current “lower” hydrocarbon 
detailed mechanism already contain 1000’s of reactions among ~1000 species, a 
detailed/comprehensive n-dodecane mechanism could contain 10,000’s of reactions 
among 1000’s of species before these new reaction pathways are added to the 
mechanism.  In the near term, extensive simplifications to combustion mechanisms for 
large hydrocarbons will be necessary due to limited computer capabilities.  Therefore, it 
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is important to examine the relative importance of the carbonyl-hydroperoxides to the 
other intermediate species to provide a broader perspective on the suggested pathways. 
Agosta et al. (2004) examined a variety of large hydrocarbons, neat and blends, over 
a range of temperatures (600 – 800 K) and pressures (8 and 12 atm) in the Drexel 
Pressurized Flow Reactor facility.  During the study, CO reactivity mapping experiments 
were conducted for neat n-dodecane, iso-cetane, methylcyclohexane, and 1-
methylnaphthalene and mixtures of 40% n-dodecane / 60% iso-cetane, 37% n-dodecane / 
63% methylcyclohexane, and 51% n-dodecane / 49% 1-methylnaphthalene.  The 
reactivity maps were used for developing lumped mechanisms for each of the neat 
components, and these mechanisms were combined for analysis of the mixtures.  Overall, 
the mechanisms adequately modeled the CO formation for mixtures, except the n-
dodecane / 1-methylnaphthalene.  For this mixture, the model significantly overpredicted 
the reactivity of the mixture.  Sensitivity analysis of the mechanism suggested that 
oxygen addition to the aromatic was an important step in the decomposition of aromatics 
in the low and intermediate temperature regimes.  Furthermore, the deviations indicate 
the need to investigate the low temperature interactions with the resonantly stabilized 
C10H7CH2 radical with oxygen.   
Cooke et al. (2004) examined the oxidation of n-dodecane, in addition to several 
other compounds, in a counterflow diffusion flame where both temperature profiles and 
extinction limits were experimentally measured and modeled.  Temperature profiles for a 
1.52% n-dodecane-inert/75% oxygen-inert flame, on a molar basis, were experimentally 
measured at a strain rate of 105 s-1 and compared to model predictions.  The model 
predictions were based upon the lumped mechanism developed by Ranzi and Faravelli 
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(Agosta et al., 2004).  The predicted peak temperature of 1889 K exhibited reasonable 
agreement with the experimental determined temperature of 1947 K.  However, there 
were substantial discrepancies between the location of maximum temperatures between 
experiment and model predictions.  The modeling predicted the peak temperature 0.25 
mm closer to the oxidizer stream than the measured location.  The authors suggested that 
the discrepancies are likely to be the result of factors other than the kinetics of the 
mechanism, such as transport properties or boundary conditions.  Extinction limits were 
also experimentally determined for three strain rates, 72, 102, and 105 s-1.  Model 
predictions were generally very poor as they only agreed to within 16% of the measured 
values.  Therefore, significant improvements in the mechanisms are needed to improve 
the accuracy of the predictions. 
As mentioned and described here, there have been limited studies investigating the 
oxidation of large molecular weight alkanes.  Most of the available studies have 
examined the fuel at atmospheric pressures and higher temperatures.  Several of the 
studies tend to disagree on the importance of oxygen addition to the fuel molecule.  Some 
studies have shown that the fuel molecule efficiently decomposes to smaller species at 
engine conditions, while other studies have suggested that fuel molecules remain intact 
enabling the formation of species bearing four (or more) oxygen atoms at engine 
conditions.  This study will provide fundamental information regarding the oxidation of 
large molecular weight hydrocarbons at conditions relevant to compression ignition 
engines, thereby elucidating the importance of oxygen addition to large alkanes and 
providing critical information for the development and validation of kinetic mechanisms. 
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2.5 Naphthene Studies 
Naphthenes have not been studied as extensively as alkanes.  Most of the current 
studies have primarily examined cyclopentane, cyclohexane, and methycyclohexane 
(MCH).  This review will focus on experimental and modeling studies of cyclohexane 
and methylcyclohexane  
Zeppieri et al. (1997) examined the oxidation and pyrolysis of neat methycyclohexane 
and methycyclohexane/toluene blends in a turbulent flow reactor at high temperatures 
and atmospheric pressures.  During the study, gas-phase samples were extracted and 
analyzed by GC and GC/MS to determine the concentrations and identities of the major 
intermediates.  At 1160 K and φ = 1.3 (1815 ppm of MCH), the major intermediates were 
ethene, methane, 1,3-butadiene, 1-propene, 2-methyl-1,3-butadiene (isoprene), CO, and 
CO2.  Minor intermediates included: ethane, cyclopentadiene, benzene, propyne, 1,2-
propadiene , 2-methyl-1-propene, 1,3-hexadiene, and cyclohexene.  Comparing the 
oxidation and pyrolysis profiles of the intermediate species revealed the same major 
intermediates, except for the formation of CO and CO2.  The production of the observed 
intermediates could be explained by simple β-scission routes involving both C-C and C-
H scission reactions.  This suggests that oxygen is primarily responsible for hydrogen 
abstraction and does not influence the subsequent β-scission reactions.  However, this 
assumption may not be applicable in the low and intermediate temperature regime 
important for autoignition. 
El Bakali et al. (2000) investigated the oxidation of cyclohexane in a jet-stirred flow 
reactor over a range of temperatures (750 – 1150 K), pressures (1, 2, and 10 atm), and 
equivalence ratios (0.5 ≤φ≤ 1.5).  During the study, gas-phase samples were extracted and 
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analyzed by GC and GC/MS to determine the concentrations and identities of the major 
intermediates.  Major and minor species identified included: O2, CO, CO2, H2, 
formaldehyde, acetaldehyde, 2-propenal, methane, ethane, ethene, ethyne, 1-propene, 
1,2-propadiene, 1-butene, 2-butene (cis & trans), 1,3-butadiene, cyclopentene, 
cyclohexadiene, 1-hexene, cyclohexene, and benzene.  A detailed reaction mechanism 
was developed utilizing the experimental results, and involved 107 species and 771 
reversible reactions.  In general, the reaction mechanism was adequate to describe the 
intermediates species distributions over the pressures examined.  At 10 atm, both the 
model and experimental results showed large cyclohexene formations at lower 
temperatures, peaking near 800 K, followed by strong reduction in production as 
temperature was increased.  The formation of large concentrations of linear alkenes and 
alkanes does not occur until there is a rapid reduction in the formation of cyclohexene.  
This suggests that the alkane ring should remain intact when reacting at lower 
temperatures, below 800 K.  Consequently, the production of aromatics, such as benzene, 
1,3-cyclohexadiene, and cyclohexene, should also occur at lower temperatures.  
However, this study did not observe significant benzene formation until higher 
temperatures, ≈ 900 K.  The model also significantly overpredicted benzene formation at 
all pressures, more so at lower pressures.  The mechanism for benzene formation was 
through a series of hydrogen abstraction reactions starting with cyclohexene producing 
1,3-cyclohexadiene and finally benzene.  The overprediction of benzene formation was 
the result of the overprediction of 1,3-cyclohexadiene.  As benzene is a known 
carcinogen, a better understanding of its formation for naphthenes in low temperature 
oxidation is required. 
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Lemaire et al. (2001) explored the oxidation and autoignition of cyclohexane, 
cyclohexene, and 1,3-cyclohexadiene in a rapid compression machine over a range of 
temperatures (600 – 900 K) and pressures (6.9 and 13.8 atm) at stoichiometric conditions.  
During the autoignition phase of the study, cyclohexane exhibited a strong and well-
defined NTC region between 700 and 820 K at 6.9 atm.  However, the range of the NTC 
region shrank to 20 °C for cyclohexene, and was not observed for 1,3-cyclohexadiene.  
Interestingly, the order of reactivity of the three fuels changed significantly as 
temperature was increased.  Below 725 K, the order of increasing reactivity was 
cyclohexadiene < cyclohexene < cyclohexane, while, above 780 K the order was 
completely inverted.  However, no explanation for the observed phenomena was given.  
During the investigation, gas-phase samples were extracted and analyzed by GC and 
GC/MS to determine the concentrations and identities of the major intermediates prior to 
the point of autoignition.  As the primary goal of the research was to examine the 
production of benzene from each of the fuels to elucidate the important pathways, the 
identification and quantification of C6 species was emphasized.  The authors noted that 
the main reactions did not involve breaking of the ring into smaller fragments.  During 
the oxidation of cyclohexane, the major intermediates were identified as cyclohexene, 
hex-5-enal, 1,2-epoxycyclohexane, 1,3-epoxycyclohexane, cyclohexadiene, 1,4-
epoxycyclohexane, cyclohexanone, and benzene, respectively.  Figure 19 shows the 
scheme of reactions suggested by the authors whereby cyclohexane was converted to 
benzene, in addition to the relative selectivity of each of the intermediate species.  The 
species on the right hand side of the figure are products of O2 addition, and the species on 
the left are products from HO2 addition.  Regardless of the fuel, the major oxidation 
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product was always the conjugate alkene of the fuel.  Secondly, HO2 addition to the 
double bond, as described during the previous alkene discussion, was an important 
pathway for the production of many of the oxygenates, most notably for 1,3-
cyclohexadiene. 
 
 
 
 
Figure 19: Transformation scheme of cyclohexane into benzene (Lemaire et al., 2001). 
 
 
 
Granata et al. (2003) developed a kinetic model for oxidation and pyrolysis of 
cyclohexane and methylcyclohexane.  The mechanisms use a lumped approach to reduce 
the complexity of the scheme.  The lumping approach of this author consisted of reducing 
the number of primary ‘equivalent’ reactions and grouping different primary intermediate 
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isomers into a limited number of ‘lumped’ components.  Using this approach, the 
cyclohexane mechanism only included 22 reactions among 37 species.  The cyclohexane 
mechanism was validated using many of the studies outlined above.  In general, the 
model does a very good job predicting the major intermediate species measured during 
the high pressure flow reactor experiments of El Bakali et al. (2000) and Voisin et al. 
(1998).  Only 1,3-butadiene and the C3H4s (1,2-propadiene and 1-propyne) showed large 
overpredictions and C2H4 was underestimated.  Nevertheless, the results confirm the 
ability of an appropriately lumped mechanism to reasonably predict intermediate species 
distributions over a wide range of experimental conditions.  At temperatures lower than 
800 K, the low temperature mechanism accounts for more than 60% of the primary 
products.  The authors further suggest that more than 95% of the O2 addition reactions 
occur with the cyclic radicals as opposed to the linear radicals.  The cyclohexane model 
was extended to methylcyclohexane.  However, the mechanism was limited to the high 
temperature regime (900 – 1200 K) due to the lack of low temperature 
methylcyclohexane experiments.  Due to the very restricted temperature range, the 
mechanism only included 3 ‘lumped’ reactions among 20 species.  The 
methylcyclohexane study by Zeppieri et al. (1997) was used to validate the mechanism.  
While the methylcyclohexane mechanism adequately modeled the species profiles, 
additional experimental information is needed to further validate the mechanism and to 
expand the mechanism to the low temperature regime.   
Cyclohexane and methylcyclohexane have been assumed as the reference compounds 
for the naphthene fractions in complex fuels, such as JP-8 and DF-2 diesel, as they are of 
appropriate molecular weight and have been the most extensively studied of the 
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naphthenes.  Although they may have received the most attention of the naphthenes, they 
are significantly less understood than C7 alkanes.  Of the available studies, there are only 
a limited number of detailed studies involving cyclohexane oxidation at elevated 
temperatures and pressures, and even fewer studies of methylcyclohexane.  As a result, 
kinetic knowledge of their combustion processes is significantly less well defined and 
accurate.  The experimental results of the present study can provide critical information 
for the development of a low temperature oxidation model for methylcyclohexane. 
 
2.6 Methylnaphthalene Studies 
The foundation for most of our knowledge on 1-methylnaphthalene oxidation rests on 
a few experimental studies.  All of the studies have focused on the high temperature 
regime, due to 1-methylnaphthalene’s well-known resistance to low temperature 
oxidation and autoignition.  This review includes most of the available studies involving 
1-mehtylnaphthalene and encompasses both experimental and modeling studies. 
Shaddix et al. (1992) examined the oxidation of 1-methylnaphthalene in a turbulent 
flow reactor at high temperatures and atmospheric pressures.  During the oxidation, gas-
phase samples were extracted and analyzed by gas chromatography (GC) and gas 
chromatography with mass spectrometry (GC/MS) to determine the concentrations and 
identities of the major intermediates.  Three equivalence ratios, φ = 0.6, 1.0, and 1.5, were 
examined at an initial temperature of 1170 K.  1-Naphthaldehyde, naphthalene, indene, 
phenyl-acetylene, and benzene were the major aromatic intermediate species observed.  
Lesser concentrations of 1-naphthol, 2-naphthol, 1-ethylnaphthalene, 2-
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methylnaphthalene, acenaphthylene, and only trace amounts of 3+-ring species were 
detected.   
 
 
 
   
1-naphthaldehyde naphthalene indene 
   
phenyl-acetylene 1-naphthol acenaphthylene 
Figure 20: Major aromatic species identified during 1-mehtylnaphthalene oxidation. 
 
 
 
Large quantities of aliphatic compounds were also identified; the major species were 
ethyne, methane, ethene, and ethane.  During the study, no evidence was found that 
significant ring attack on either of the aromatic rings of 1-methylnaphthalene occurred 
before the methyl side chain was removed.  Previous studies with toluene and other 
single ringed aromatics have suggested a similar mode of decomposition (Venkat et al., 
1982; Brezinsky et al., 1986; Brezinsky, 1986).  From these results, a reaction mechanism 
was proposed for the high temperature oxidation of 1-methylnaphthalene.  One unique 
pathway, not typically found with toluene or monocyclic aromatics, is the direct thermal 
isomerization of 1-methylnaphthalene to 2-methylnaphthalene.  During the study, only a 
small concentration of 2-methylnaphthalene was formed.  However, the results were 
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inconclusive whether the species was formed by methyl radical addition to the 2-position 
of the naphthyl radical, or by direct thermal isomerization.  Due to the low concentrations 
of 2-methylnaphthalene, it was unclear as to weather or not 2-methylnaphthalene returned 
to 1-methylnaphthalene prior to decomposition.   
Pfahl et al. (1996) studied the stoichiometric oxidation of 1-methylnaphthalene in a 
high-pressure shock tube over a range of temperatures (850 – 1000 K) at 13 atm.  During 
the experiments, the types of self-ignition processes were monitored by pressure and 
band emission histories.  At 940 K, 1-methylnaphthalene underwent a smooth 
deflagration self-ignition process and did not transition to a detonation.  At the higher 
temperature of 1010 K, the deflagration process started earlier and significantly increased 
the pressure and temperature of the fuel resulting in a secondary explosion.  Compared to 
n-decane, 1-methylnaphthalene exhibited significantly longer ignition delay times.  The 
ignition delay times were compared to a detailed mechanism by Pitsch (1996) and 
showed excellent agreement between model predictions and experimental results.  
However, the study did not include identification of major intermediates to provide 
additional information for model development and refinement. 
Pitsch (1996) developed a semi-detailed kinetic reaction mechanism for the oxidation 
and ignition of 1-methylnaphthalene.  The mechanism was validated by the flow reactor 
experiments of Shaddix et al. and the autoignition delay times from the shock tube 
experiments of Pfahl et al., discussed previously.  During the development of the 
mechanism, three major assumptions were made: (1) The removal of the methyl side 
chain was fast compared to the ring reactions; (2) The influence of the 2-isomers of both 
naphthalenes and alkylated naphthalenes could be neglected; and (3) Reactions of 
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polycyclic aromatics are in principle similar to those of comparable monocyclic species.  
The foundations for these assumptions are principally based on the two experimental 
investigations.  However, due to the limited experimental information available the 
validity of the assumptions is unknown.  The mechanism includes growth of bicyclic 
aromatics to four-ring aromatics using the HACA (hydrogen abstraction acetylene 
addition) mechanism outlined by Franklach et al. (1986; 1984; 1991).  To describe the 
oxidation of 1-methylnaphthalene, the mechanism employed 393 reactions among 89 
chemical species.  The primary fuel decomposition pathways were from radical attack 
byO& , H& , and HO& .  In general, the mechanism does a good job predicting the 
intermediate species measured by Shaddix.  The model and experiments both show large 
formations of acetylene, 200 ppm for the experiments and 250 ppm for the model, which 
accounts for 3.3% of the total available carbons.  The presence of the large concentrations 
of ethyne is consistent with the fact that 1-methylnaphthalene is a prolific soot producer.  
However, given that only two experimental studies were available for mechanism 
validation, it is unclear as to the applicability of the mechanism over a broader range of 
conditions.  Additional studies are needed to provide additional validation of the 
mechanism. 
Given the large concentration of aromatic species in full boiling range fuels, kinetic 
and mechanistic information of their oxidative behavior is critical to the development of 
surrogate mechanisms.  However, there have only been a limited number of detailed 
studies examining aromatic oxidation, especially for polycyclic aromatic compounds.  Of 
the available polycyclic aromatic studies, most have focused on their decomposition at 
higher temperatures (>1000 K) due to their unreactive nature at lower temperatures.  
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Since aromatics are added to fuels that are more reactive at lower temperatures, it is 
important to consider the interaction of aromatics with the radicals and intermediate 
species produced by the decomposition of the more reactive fuel.  Overall, the data 
garnered from this flow reactor study can be used to elucidate the impact of bicyclic 
aromatic compounds on the autoignition process.  
 
2.7 Closure 
As illustrated by this introduction and literature survey, the oxidation of alkanes is the 
most thoroughly investigated.  The major pathways for the decomposition of linear and 
branched alkanes are primarily known, although some new pathways have been 
suggested for larger alkanes.  However, the relative importance of each pathway is 
dependent on the structure of the fuel, thereby necessitating experimental validation of 
any mechanism.  Unfortunately, there is extremely limited detailed experimental 
information available at elevated pressures for model validation for large molecular 
weight alkanes.  In addition, approximately 40% of full boiling range fuels are composed 
of unsaturated hydrocarbons, mainly naphthenes and aromatics.  Dramatically less 
information is known for these hydrocarbon groups at temperatures and pressures found 
in compression ignition engines.  One of the goals of this study is to provide intermediate 
species evolution profiles at elevated temperatures and pressures for several high 
molecular weight hydrocarbons, namely, n-dodoecane, 2,2,4,4,6,8,8,-heptamethyl-
nonane, methylcyclohexane, and 1-methylnaphthalene.   
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3. Experimental Facility and Methodology 
  
This chapter describes the experimental facility and procedures used during this 
experimental program.  Section 3.1 describes the Pressurized Flow Reactor (PFR) 
facility.  Section 3.2 describes the gas sampling system and gas storage system.  Section 
3.3 describes the analytical systems used to identify the intermediate combustion species.  
Section 3.4 describes the various operating procedures and methodology used and 
Section 3.5 provides closure for this chapter. 
 
3.1 Pressurized Flow Reactor Facility 
3.1.1 Facility Capabilities 
The Pressurized Flow Reactor (PFR) Facility is a plug flow reactor designed to 
investigate the effects of pressure and temperature on the oxidation of hydrocarbon 
species.  The facility was designed such that chemical processes could be examined in 
relative freedom from fluid mechanics and temperature gradient effects.  A detailed 
description of the design and fabrication of the system can be found in Koert (1990).  In 
the intervening years, several modifications to the system have been made, such as, the 
addition of a 3 kW heater (Wang, 1999) and the addition of a liquid fuel delivery system 
(Wood, 1994).  Prior to conducting the experiments presented in this dissertation, 
additional extensive modifications to the PFR were completed.  These modifications 
included upgrades to the computer control system and LabVIEW code, replacement of 
the fuel delivery system, and modifications to the temperature control system, gas 
sampling systems, sample probe design, and other minor systems.  Independent of these 
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modifications, the basic constructs of the reactor have remained unchanged and will be 
described below. 
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Figure 21: Schematic of Pressurized Flow Reactor Facility 
 
 
 
The general components of the PFR are shown schematically in Figure 21.  The key 
operational feature of the reactor is a quartz reactor tube within a pressure vessel.  To 
achieve high reaction pressures the inside and the annulus between the quartz reactor and 
pressure vessel are maintained at the same pressure.  Nitrogen, oxygen, and air are mixed 
into the PFR system through Porter mass flow controllers (500 standard liter per minute 
(slm) Model 203ASSVG, 50 slm Model 202SSVE, and 500 slm Model 203AFSVG, 
respectively).  The nitrogen was supplied by several 350 psi liquid nitrogen storage tanks 
and the oxygen was supplied by several oxygen tanks (Grade 4.4) all supplied by BOC 
Gas.  The nitrogen and oxygen are used during the experiments to create a synthetic “air” 
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mixture free of contaminants.  The air was supplied through the compressed air system in 
the laboratory which was filtered and dried prior to use during the preheat stage.  The 
combined flow rate for these flow controllers should never exceed the maximum 
designed flow rate of 700 slm.  The nitrogen and oxygen streams used to create the 
synthetic air, often referred to as the “oxidizer” stream, was heated by two heaters, 10 kW 
and 3 kW.  To prevent overheating of these heaters, the total flow rate of the oxidizer 
stream should never be below 100 slm.  Immediately following the heaters, the oxidizer 
gas was introduced into the horizontal stainless steel pressure vessel.  The walls of the 
pressure vessel were heated via resistive bead heaters to establish a uniform temperature 
profile along the entire test section.  In order to minimize the temperature variations 
along the length of the pressure vessel, temperature control was divided into three 
sections, roughly corresponding to the inlet, the test, and the outlet portions of the reactor.  
Each section had three 800 W resistive bead heaters wrapped around the perimeter of the 
pressure vessel.  Several layers of insulation were installed to minimize the heat loss.  To 
create the reactive mixture, the oxidizer and prevaporized fuel/nitrogen streams were 
rapidly mixed by an opposed jet mixing nozzle.  After the nozzle, this mixture flows 
within a one inch diameter quartz tube installed along the centerline of the stainless steel 
pressure vessel.  The quartz tube was used to minimize reactions at the wall surface.  The 
pressure of the entire system was controlled by restricting the downstream flow of the 
exhaust with a high temperature needle valve.  The pressure was monitored by two strain 
gauge pressure transducers, one located prior to the mixing nozzle (Daytronic 502-300A) 
and one located prior to the needle valve (Honeywell PPTR-0300A).     
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An independently controlled stream of heated nitrogen was used to vaporize the fuel.  
The nitrogen flow was controlled by a fourth Porter mass flow controller (100 slm Model 
202FSVE) and the nitrogen was supplied from the same liquid nitrogen storage tanks 
noted previously.  To prevent flow surges from the mass flow controller, a 1-liter surge 
tank was placed immediately after the flow controller.  After the surge tank, the nitrogen 
was heated by two 800 W resistive bead heaters that were wrapped around a twelve foot 
section of ¼ inch stainless steel tubing prior to the injection of the fuel.  The temperature 
was controlled to maintain a nitrogen stream temperature of 20 ˚C to 50 ˚C above the fuel 
vaporization temperature as calculated from the Antoine equation parameters (Appendix 
B).  The fuel was injected into the centerline of the nitrogen stream approximately 3 feet 
from the opposed jet mixing nozzle to provide sufficient time to completely vaporize the 
fuel and to remove any inhomogeneities.  The injection was performed by a 1/16th inch 
OD tube, 0.020 or 0.010 inch ID stainless steel tube which injects tangential to the 
nitrogen flow.   
A water-cooled, glass-lined probe was used to continuously extract samples from the 
centerline of the quartz reactor tube and to provide rapid quenching to stop further 
chemical reactions.  The probe temperature was maintained at 80 °C by a circulating 
water chiller/heater (Mokon Pacesetter KV2H08-01).  Extending 2.5 cm past the end of 
the probe was a type K thermocouple for the measurement of the sample point 
temperatures.  The probe was moved along the centerline of the quartz tube to extract 
samples from various reaction times using a linear positioning table, Daedal 20000 series 
closed frame linear table with 50 centimeters of travel accurate to 0.025 mm.  The table 
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was positioned by a Daedal MC 2000 micro-stepping motor controller with a 
Compumotor Zeta57-83 stepper motor that was operated by a PC.   
The extracted gas samples were directed to a variety of analyzers, namely, an online 
Siemens Ultramat 22P CO/CO2 NDIR (non-dispersive infrared analyzer), an online 
Biorad FTS-60A FT-IR (Fourier Transform Infrared Spectrometer) with CIC Photonics 
Montero 1-meter heated gas cell, an online J.U.M Instruments Model VE7 total 
hydrocarbon (THC) analyzer, and a multiple loop storage system for subsequent offline 
analysis.  The Siemens Ultramat 22P has a 0-5000 ppm range for CO with 10 ppm 
resolution and the CO2 detector has a 0-4 %vol range with 0.005 %vol resolution (50 
ppm).  The THC analyzer has a range of 0-15,000 ppm of propane with a resolution of 
0.1 ppm of propane. 
 
3.1.2 Facility Upgrades 
As mentioned previously, several major upgrades to the PFR system were made prior 
to conducting the present experiments.  A detailed description of each of these upgrades 
is presented below. 
One of the upgrades to the PFR was the development and installation of a new control 
system for the 800 W bead heaters.  The original heater controller system, as designed by 
Koert (1990), utilized Omega CN310KC temperature controllers.  However, these units 
and their associated hardware had been removed at some time in the past and replaced 
with Variacs, possibly at the recommendation of Wood (1994).  The Variacs did not 
permit accurate, repeatable, and straightforward control of the heater system, all of which 
affected the performance of the PFR by increasing the deviations from the desired 
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isothermal temperature profile along the length of the reactor.  Deviations of 20 to 30 °C 
were common prior to the installation of the new temperature controllers.  The new 
control system returns to the original philosophy of using solid-state temperature 
controllers.  Omega CN1000-TC temperature controllers were coupled to 
electromechanical relays to control the 8 amps of 120V AC used for the bead heaters.  An 
electrical schematic for the controller is shown in Figure 22.  With the new system, axial 
temperature profile fluctuations of less than 5 °C (between 5 cm and 38 cm from the 
mixing nozzle) are readily achievable and very repeatable. 
The aforementioned Biorad FT-IR system was also upgraded during the course of this 
research.  First, the outdated control system was replaced with a Dell Pentium III 
550MHz computer running Windows 98 and the software was upgraded to Biorad’s 
WinIR Version 4.  The modernized control system increased usability and flexibility of 
the FT-IR.  In addition, the previous CIC Photonics 10 meter variable path length gas cell 
was replaced with a 1-meter CIC Photonics gas cell.  The original 10 meter cell had been 
damaged due to a failure of the associated temperature controller, which caused the cell 
to overheat and warp.  As a result, the cell was difficult to seal for proper fuel flow rate 
calibrations.  Finally, a Mercury Cadmium Telluride, (MCT), detector cooled with liquid 
nitrogen was installed in the FTS-60A FT-IR to significantly improve sensitivity and 
reduce baseline noise.   
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Figure 22: Electrical schematic of bead heater controller. 
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The fuel delivery system is one of the most critical components of the PFR system.  
Accurate, repeatable, and stable delivery of liquid fuels is paramount for the accurate 
quantification of intermediate oxidation species.  Prior to this upgrade, flow from a 
pressurized fuel cylinder was controlled by a needle valve coupled to a computer 
controlled stepper motor (Wood, 1994).  However, as the molecular weight and energy 
density of the fuel increased, smaller flow rates were required.  Therefore, “small” 
variations in the flow rate caused by pressure fluctuations between the PFR and fuel 
vessel started to account for a significant fraction of the total flow rate.  Two different 
methods to improve fuel delivery in the existing configuration were tested, HPLC pumps 
and syringe pumps.  HPLC pumps from a variety of manufactures were tested with the 
PFR.  However, oscillations in flow rate, inherent with their design, were detectable with 
the FT-IR.  Furthermore, easily vaporized fuels, like 1-pentene, and “dirty” fuels caused 
the HPLC pistons to lose prime resulting in the loss of fuel flow.  Hence, the current 
system was replaced by a high pressure syringe pump (Isco 500D syringe pump).  This 
pump has a 500 ml fuel reservoir and is capable of rates up to 200 ml/min at pressures up 
to 3,750 psi (250 atm).  The pump provided a constant, highly repeatable flow rate with 
negligible pressure oscillations.  Most importantly, approximate flow rates for a specified 
experimental condition, e.g., φ=0.4, N2 dilution at 75%, and 8 atm, can be calculated 
given the density and molecular weight of a fuel, (see Appendix B: Calculations for 
Experimental Conditions).  In addition to the syringe pump, the mode of injection was 
changed to improve mixing and vaporization to minimize inhomogeneities.  The new 
injection system uses a 1/16th inch OD, 0.020 or 0.010 inch ID stainless steel tube.  The 
ID of the injection tube is determined by the syringe pump pressure necessary to deliver 
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the desired flow rate of the fuel.  For pump pressures less than 6 atm above the reactor 
pressure, the 0.010 inch ID tube should be used.  If the pressure exceeds 6 atm, the 
injector needs to be switched to the 0.020 inch ID tube to prevent over pressurization of 
the syringe pump.  Because of these modifications, the variations in the fuel delivery 
have been substantially reduced and the usability and safety of the system has been 
significantly enhanced. 
Another upgrade was the replacement of the Macintosh computer and the National 
Instruments hardware and LabVIEW Version 4 software with an Intel Pentium IV 2.8 
GHz PC with new National Instruments hardware and LabVIEW Version 7 software.  A 
National Instruments PCI-MIO-16E-4 data acquisition card was installed with a National 
Instruments SCC signal conditioning breakout to communicate with devices that had 
analog outputs, such as, the Siemens Ultramat CO/CO2 analyzer, assorted thermocouples, 
and the Porter mass flow controllers.  In addition, a National Instruments USB serial 
communication box (USB-232/4) was installed to communicate with the new Isco 
syringe pump and Honeywell pressure transducer.  Due to the hardware upgrades, 
software upgrades, and the addition of new PFR systems, the exhisting LabVIEW codes 
had to be updated.  The result of the data acquisition upgrades improved stability, 
increased functionality, improved measurement accuracy, and increased system 
monitoring capability.  Extensive discussion and documentation of the updated 
LabVIEW code can be found in Appendix A: LabVIEW Data Acquisition and Control 
System.   
Finally, a new technique for manufacturing of the probe had to be developed during 
this experimental study.  The original design of the probe has been thoroughly discussed 
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and documented by Koert (1990).  The modifications to the probe design only encompass 
a small portion of that original design.  However, to understand the foundations for the 
modification of the probe design requires a fundamental understanding of the original 
probe design.  The probe design can be separated into three main parts, the probe sleeve, 
the probe shaft, and the probe collar, Figure 23. 
 
 
 
 
Figure 23: Schematic of the PFR Probe. 
 
 
 
The probe sleeve is a ½” OD stainless steel sheath that extends over the probe shaft 
for only a fraction of the total probe length.  Its purpose is to allow movement of the 
probe and to provide the seal between the probe and the PFR.  The probe shaft is the 
primary part of the probe that extends into the centerline of the quartz tube to extract 
samples and measure the gas stream temperatures.  The shaft is composed of four parts, a 
60” long 1/8” OD type-K thermocouple, a ~60” long 1/8” OD glass-lined stainless steel 
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tube for extraction of the gas samples, a ~48” long 3/8” OD stainless steel tube which is 
the exterior of the probe shaft, and the probe tip.  To manufacture the shaft, the 
thermocouple was extended 2.5 cm past the surface of the probe tip and welded into 
place.  The glass-lined sample tube was end welded to the probe tip, and then the entire 
assembly was welded to the end of the 3/8” OD tube.  The probe shaft is then attached to 
the probe collar by a 3/8” swagelock connector.  The probe collar is used to distribute the 
cooling water and to terminate the thermocouple and the glass-lined sampling tube.  The 
difficulty in the manufacturing process occurs when attempting to weld the thermocouple 
and glass-lined tube to the probe tip.  Due to the small sizes and the melting of the glass 
near the weld point, it is often very difficult to achieve a leak free and durable weld.  In 
the original design of the probe, the Drexel University Machine Shop welded the probe 
tip; however, near the end of this study, they suddenly decided they could no longer weld 
these tips.  Consequently, a new technique to manufacture the probe tip had to be 
developed that did not require welding of the glass-lined tube or thermocouple.  The 
technique developed increased the overall length of the probe tip to permit silver 
soldering the glass lined tube and thermocouple to the backside of the tip and then sealing 
the face of the tip with stainless steel putty (Cotronics Durabond 954).  A drawing of the 
new probe tip design is shown in Figure 24. 
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(dimensions given in inches) 
Figure 24: Schematic of the updated probe tip design. 
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However, this new design is not without compromises.  First, the additional length of 
the probe tip results in the glass-lined tubing not being in direct contact with the water-
cooling nearly as quickly.  Therefore, a small amount of additional reaction may occur 
before complete quenching is attained.  Secondly, the stainless steel putty is slightly 
porous and slightly soluble in water, which is the principle reason for soldering the glass-
lined tube and thermocouple to the backside of the probe tip.  Therefore, the putty may 
erode over time due to moisture formed during the combustion process.  Finally, catalytic 
type surface reactions may have increased around the inlet of the gas-lined tube due to 
the increased surface area associated with the porous nature of the putty.  However, 
reactivity mapping experiments conducted prior to and after the modifications show no 
significant differences, suggesting that the compromises do not significantly affect the 
sampling processes. 
 
3.2 Experimental Methodology 
Two different types of experiments were conducted for this study.  The first type of 
experiment, referred to as a controlled cool down (CCD) or reactivity mapping 
experiment, examines the reactivity of a fuel over a range of temperatures at fixed 
residence times and pressures.  The second type of experiment, referred to as a constant 
inlet temperature (CIT) experiment, examines the reactivity of a fuel over a range of 
residence times at a fixed temperature and pressure.  The combination of the CCD and 
CIT experiments provide valuable information about the reactivity of a fuel in both the 
temperature and time domain.  Details of both types of experiments will be briefly 
discussed next. 
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3.2.1 Controlled Cool Down Operation 
Prior to a CCD experiment, the reactor was preheated to slightly above the maximum 
desired experimental temperature, nominally 800 K.  This preheat stage was 
accomplished by flowing air at one atmosphere from the building compressed air system 
at the same bulk flow rate as the experimental conditions so that the heat transfer rate 
remains constant and does not alter the temperature profile.  At approximately 75 ˚C, the 
Moken water circulating pump was enabled to keep the water in the probe from 
vaporizing and the PFR probe seals from melting.  Typically, the duration of the preheat 
stage takes approximately 6-7 hours for the system to reach nearly isothermal conditions.  
The temperature profile of the reactor was determined by taking sample point 
temperature measurements along the length of the reactor, typically every 2.5 cm.  The 
bead heaters along the length of the reactor were adjusted until a nearly constant, less 
than +/- 5 ˚C, profile was achieved.  Subsequently, the air flow was transferred to two 
nitrogen flow streams, the first was the main “oxidizer” nitrogen stream and the second 
was the nitrogen for fuel vaporization.  Once the nitrogen flow rates had stabilized, the 
fuel vaporization line was heated to its operating temperature.  Next, the reactor was 
pressurized to the desired operating conditions.  At this point, a flow of approximately 5-
6 l/m was continuously extracted to allow the preheating of the transfer lines and warmup 
time for the online analyzers.  Once the system had stabilized at the desired temperature, 
pressure, and flow rates, fuel was introduced in order to calibrate the fuel flow rate to the 
desired fuel concentration.  Two different instruments may be used to calibrate the fuel 
flow rates, either the BioRad FT-IR or J.U.M. THC.  The procedure for calibration of the 
FT-IR was outlined by Agosta (2002)and the procedure for the THC was outlined by 
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Lenhert (2004).  In either case, the calibration procedure is nearly identical.  The initial 
fuel flow rate is calculated in the Excel spreadsheet (Figure 112) using the fuel density 
and desired operating conditions.  Using this flow rate, the concentration was measured 
and compared to the calibrated response of the instrument.  This flow rate is usually, 10 
to 20% higher than desired due to the compressibility of the fuel and errors in the density.  
As a result, the concentration from a second flow rate is measured at a 40% lower flow 
rate in order to bracket the desired flow rate.  Next, the concentrations from three 
intermediate flow rates are measured.  A calibrated flow rate is then interpolated from the 
linear least squares fit of the five flow rates and concentrations.  This flow rate is verified 
by measuring its concentration and added it to the linear fit.  If the new interpolated flow 
rate changed by more than 0.010 ml/min, then two or three additional flow rates are used 
near the interpolated flow rate to achieve an acceptable calibrated flow rate.  The final 
calibrated flow rate is allowed to stabilize for 5 minutes prior to one sample being 
extracted and stored in the multiple loop sample storage system for later offline analysis.  
After calibration, a portion of the main nitrogen steam was transferred over to oxygen 
and the system was allowed to stabilize.  Finally, the 10 kW and 3 kW heaters were 
shutdown so that the system temperature cooled at a rate of 2-5 ˚C/min.  During the CCD 
experiments, the pressure of the system would typically relax, therefore, the pressure 
regulating valve was manually adjusted to maintain the desired pressure.  Using this 
manual technique, the pressure may be maintained at the desired pressure within ± 
0.05 atm.  
As the reactor cooled, the residence time of the sample would increase, hence, the 
LabVIEW code controlled the position of the probe to maintain the constant residence 
 90
time.  This was accomplished by measuring the flow temperature with the thermocouple 
located at the tip of the sampling probe, the pressure of the reactor, and the current 
position of the probe.  Given the desired residence time and the bulk flow rate, the current 
residence time of the probe was calculated along with the necessary probe position 
adjustment.  The original method for this closed loop control system was developed by 
Koert (Koert and Cernansky, 1992; Koert, 1990), however the error detection algorithm 
and minimum step size have been changed for these experiments.  The new algorithm 
detects errors in the pressure and temperature measurements by comparing the requested 
probe increment with a user specified value, nominally 0.2 cm.  The allowable increment 
may be adjusted on-the-fly to allow the initial positioning of the probe during the start of 
a CCD experiment.  Both Koert’s and the new techniques assume that the reactor 
temperature was uniform from the inlet to the probe sample point when calculating the 
desired position.  Typically, the difference between the calculated position and actual 
position of the probe was less than 0.025 cm, which would typically result in residence 
time errors of less than 0.2 ms for low flow rate experiments.  However, the primary 
source of positional errors results from the calculation of the residence time distribution 
along the length of the reactor.  Several factors significantly affect the calculated 
residence time distribution, specifically, temperature, pressure, the volume of the reactor, 
and the volumetric flow rates of the mass flow controllers.  Using a propagation of error 
analysis, the residence time errors were estimated to be between 10 – 20%.  The primary 
source of errors was a result of the mass flow controllers, specifically the mass flow 
controller for the primary nitrogen flow.  The second most significant source of error was 
from the diameter of the quartz reactor vessel.  Hence, the errors can be minimized by 
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more accurate control of the primary nitrogen flow and by more accurate measurements 
of the quartz tube diameter at several axial locations.   
During the cool down phase, the CO and unburned hydrocarbons (UHC) were 
continuously monitored with the Siemens Ultramat 22P NDIR and J.U.M. THC analyzer.  
Gas samples were extracted at selected temperatures across the reactivity map of the fuel 
into the remaining 14 sample loops of the multiple loop sample storage system for later 
offline analysis.  When a sample was desired, the multiple position valve was 
electronically actuated switching the flow to the next loop, thus trapping the sample in 
the desired loop.  Each 10 ml sample represents a discrete sample of the combustion 
products at one temperature, since the associated temperature variation during sampling 
was less than 0.02 ˚C.   
It is important to note that the samples are referenced to the temperature measured at 
the tip of the sample probe and not the inlet temperature.  Unless otherwise noted, all 
temperatures reported will be the sample point temperatures.  It had been assumed, for 
probe positioning calculation purposes, that the inlet temperature and the sample 
temperature are identical.  In reality, the sample temperature was always higher than the 
inlet temperature.  First, the temperature of the nitrogen used for fuel vaporization was 
substantially below that of the main bulk stream, therefore, a thermal mixing distance 
was required to achieve thermal equilibrium between the two streams.  Secondly, the 
oxidation of the parent fuel was an exothermic reaction, which resulted in an increase of 
the bulk gas stream temperature.  As the reactivity increases, the amount of heat released 
to the surrounding gases increased.  Ramotowski (1992) developed a method to deduce 
the inlet temperature.  The method plots the sample temperature with respect to time, and 
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then removed the sample points where significant reactivity occurred.  A curve was fitted 
to the “non-reacting” data, which approximated the actual cooling characteristics of the 
inlet.  Subtracting the deduced inlet temperatures from the sample temperatures result in 
an approximation of the temperature rise due to heat release.  In this study, a second order 
polynomial model, instead the linear model used by Ramotowski, was utilized for the 
non-reacting cool down temperature profile.  An example of the temperature history and 
curve fit is shown in Figure 25.   
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Figure 25: Typical sample temperatures and inlet temperatures during a CCD experiment. 
 
 
 
 
3.2.2 Constant Inlet Temperature Operation 
Constant inlet temperature (CIT) experiments were used to examine the 
decomposition of a fuel over a range of residence times at fixed temperatures and 
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pressures.  A procedure similar to that of a CCD experiment was employed for a CIT 
experiments. 
The system was preheated and fuel flow rates were calibrated in the same manner as 
stated previously.  However, the probe was positioned at the end of the reactor vessel, 
38 cm, during the fuel flow rate calibrations.  Once calibrated, one sample was extracted 
and stored in the multiple loop sample storage system for later offline analysis of the 
initial fuel concentration.  Next, a portion of the main nitrogen steam was transferred to 
oxygen and the system was allowed to stabilize.  However, unlike the CCD experiment, 
the heaters are left on to maintain the system at the desired temperature.  The residence 
time was then reduced by moving the probe inward by 2.0 cm.  At each residence time, 
gas samples were continuously extracted and flowed through the desired loop for one 
minute to insure that the sample collected was representative of the desired residence 
time.  The probe was moved until 14 samples were extracted.  The first sample extraction 
usually occurred between 30 and 34 cm depending on the flow rate and reactivity of the 
fuel. 
This method allows for the examination of fuel decomposition over a range of 
residence times at fixed temperatures and pressures and has been widely used in previous 
flow reactor studies (Dryer and Brezinsky, 1986; Prabhu et al., 1996; Wood, 1994).   
 
3.3 Gas Analysis System 
3.3.1 Introduction 
Several different methods of gas analysis were utilized during the identification and 
quantification of the intermediate and product species.  During the experiments, online 
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analysis of CO and CO2 was accomplished utilizing the Siemens Ultramat 22P NDIR 
analyzer.  For offline analysis, a multiple loop sample storage system was used to 
temporarily store the gas samples prior to analysis by the Thermo Finnigan TraceDSQ 
mass spectrometer (MS) with Thermo Finnigan TraceGC gas chromatograph (GC).  A 
schematic of the gas transfer system to each of the analyzers is shown in Figure 26.  The 
transfer line connecting the probe to the sample storage system was a ¼ inch flexible 316 
stainless steel hose from Technical Heaters, Inc. (500F) rated up to 260 °C.  The transfer 
line was approximately 2.0 meters long and had one type-K thermocouple (Omega 
HGKMQSS-125-E-6) located between the transfer line and the probe to monitor the 
extraction temperature.  A second thermocouple was added to monitor the gas stream 
temperatures at the exit of the sample storage cart. 
 
 
 
 
Figure 26: Schematic of gas transfer system. 
 
 
 
After the gas flow had passed through the sample storage system, the flow was 
directed to the CO/CO2 analyzer.  For these studies, the THC analyzer and FT-IR were 
not used to calibrate the fuel flow rates, as the fuel flow rates from Agosta (2002) were 
used for each experiment.  For the CO/CO2 analyzer, the gas was transferred through a 
1/8 inch 316 stainless steel tubing that was not heated to allow condensation of the water 
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vapor and hydrocarbons, which are known to effect the infrared measurement of CO and 
CO2.  The flow through the analyzer was maintained at approximately 3 l/m (0.05 l/s) to 
ensure accurate measurement.   
Extensive efforts were made to remove any cold spots in the transfer lines prior to the 
sample storage cart to prevent condensation of the intermediate species.  As a result, 
heating and insulation were added to the glass-lined tubing extending from the probe 
prior to connection with the transfer line.  During these experiments, the transfer lines 
were maintained at 260 °C to maintain a gas flow temperature of approximately 120 °C.  
However, given the extremely high boiling points of these fuels and their intermediates, 
some condensation no doubt occurred during the transfer process.  Consequently, the 
transfer line and probe were thoroughly flushed prior to each experiment with acetone to 
remove any residual hydrocarbons from the previous experiments.   
 
3.3.2 Intermediate Species Analysis 
3.3.2.1 Siemens Ultramat NDIR 
The Siemens Ultramat 22P NDIR was used extensively during these experiments to 
measure CO and CO2 formation.  Samples were extracted from the PFR through the 
sampling probe and transported through two sections of tubing.  The first section was the 
heated tubing used for the multiple loop sample storage system.  The second section was 
an unheated, 1/8-inch OD, 1.5 m long, piece of stainless steel tubing.  Flow through the 
analyzer was maintained at 3 l/min (0.05 l/s) by using a stainless steel needle valve 
(Swagelock SS-SS2).  The residence time through the two sections of tubing is less than 
5 seconds.  As a result, the temperature in the reactor during CCD experiments decreased 
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by no more than 0.4 °C during the sample extraction and transfer processes.  Prior to each 
experiment, the analyzer was calibrated for its zero point using N2 gas from the liquid 
nitrogen storage tanks.  Furthermore, the accuracy of the analyzer was tested using 
several different CO calibration standards.  Nominally, the error between the standard 
and measurement was within 5%.  During the experiments, the CO and CO2 
measurements were recorded as part of the LabVIEW generated experimental data 
archive. 
 
3.3.2.2 Multiple Loop Sample Storage System 
In order to transfer and temporarily store the samples for offline analysis, a multiple 
loop storage system was utilized  The sample storage system, originally designed by 
Koert (1990) and used extensively by previous researchers, was reconstructed for use 
with the PFR system.  A schematic of the valve system is shown in Figure 27.  A Valco 
16 position (Valco DCST16MWE) electrically actuated valve with 16 10 mL Valco 
stainless steel sample storage loops (Valco SL10KCSTP) was used for storing the gas 
phase samples.  A Valco 4-port switching valve was attached to the inlet and outlet of the 
16 position valve to control the flow through the sample loops.  The valves and sample 
loops were housed in a Cole-Parmer heated oven that was maintained at 180 °C, near the 
maximum valve operating temperature of 200°C.  This temperature was significantly 
higher than the temperature originally proposed by Koert for maximum stability of the 
extracted samples.  However, with the heavy fuels being used in the present study, fuel 
condensation over the 24 hours required for GC/MS analysis was a major problem at 
lower temperatures.  The storage temperature of 180 °C was determined, through an 
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iterative process, as the minimum temperature necessary to prevent condensation of the 
parent fuel but below the maximum operating temperature of the valve.  However, given 
that the storage tubes are stainless steel, which can act as a catalyst at high temperatures, 
there will be some instability of the intermediate species, especially with respect to the 
oxygenate intermediates. 
The storage system was placed inline before the Siemens CO/CO2 analyzer.  During 
experiments, gas was continuously flowing through the desired sample loop in the 
multiple loop storage system.  When a sample was desired, the multiple position valve 
was actuated switching the flow to the next loop, thus trapping the sample in the desired 
loop.  Up to 15 discrete samples can be stored in this fashion with the remaining loop 
used to evacuate the transfer lines prior to injection into the Thermo Finnigan GC/MS. 
 
 
 
 
Figure 27: Valve diagram of multiple loop sample storage cart. 
 
 
 
Once filled, the multiple loop storage system was transferred to the Thermo Finnigan 
GC/MS where each loop was individually injected for species identification and 
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quantification.  The GC injections were controlled with the aid of a 6-port and 4-port 
electronically actuated valve with a 1 ml sample loop, Figure 28.  To ensure constant 
mass injections into the GC, the pressure and temperature of the sample must be held 
constant.  Therefore, the valves and 1 ml sample loop were maintained at a constant 
temperature of 175 °C using the GC’s internal valve oven and the pressure inside the 
sample loop was held constant at 570 torr (0.75 atm) during all injections.   
Prior to each injection into the GC/MS, the sample loop immediately prior to the next 
sample in the sample cart, all associated transfer lines, and the internal 1ml sample loop 
were evacuated to remove any remain gases.  Once evacuated, the 16 position valve was 
actuated to fill the GC sample loop.  Prior to analysis, the extra gas from the sample cart 
loop was manually metered out by a vacuum pump to achieve the desired pressure in the 
1 ml sample loop. 
 
 
 
 
Figure 28: Schematic of GC injection system. 
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3.3.2.3 Thermo Finnigan GC/MS System 
The majority of the stable intermediate species identification and quantification was 
done with the Thermo Finnigan TraceDSQ mass spectrometer (MS) coupled with a 
Thermo Finnigan TraceGC gas chromatograph (GC) with flame ionization detector 
(FID).  For chromatographic separation, a Supelco Petrocol DH column (100 meter, 0.5 
µm film thickness, 0.25 mm OD, 1250 Phase Ratio (β)) was installed in the TraceGC.  
Identification of the unknowns was accomplished by two methods, retention time 
matching and/or mass spectrum matching.  The spectra for the unknown compounds were 
compared to the NIST’02 database that contains spectra of 147,198 compounds.  
Quantification of the identified compounds was accomplished using the FID.  The 
settings for the TraceGC and the TraceDSQ are specified in Table 11. 
The Petrocol DH column was designed to separate the compounds typically found in 
gasoline fuels.  As a result, it did not provide adequate separation of lighter hydrocarbons 
without cooling the column below ambient temperatures.  The subambient cooling 
required connection of liquid CO2 to the cryogenic cooling valve.  The liquid CO2 dip 
tube cylinders ordered from BOC Gas (CD-GSY, size 300) would typically last 
approximately 6 – 7 injections.  In addition, long method times were required to obtain 
adequate separation of the large number of hydrocarbons expected and hydrocarbons 
with similar boiling points. 
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Table 11: TraceGC and TraceDSQ Method Parameters 
GC Parameters Setting 
Inlet Parameters 
 Inlet Mode Constant Flow Rate 
 Inlet Pressure ~28 – 60 psi 
 Inlet Temperature 275 °C 
 Column Flow 1.7 ml/min 
 Split Ratio 20:1 
 Split Flow 34 ml/min 
 Septum Purge  
 
Oven Temperature Parameters 
 Initial Temperature -20 °C 
 Initial Time 5 minutes 
 Ramp #1 Rate 5 °C/min 
 Ramp #1 Temperature 60 °C 
 Ramp #1 Hold time 20 min 
 Ramp #2 Rate 5 °C/min 
 Ramp #2 Temperature 220 °C 
 Ramp #2 Hold time 7 min 
 Post Analysis Temperature 275 °C 
 Post Analysis Pressure 75 psi 
 Post Analysis Time 10 minutes 
 
Auxiliary Parameters 
 Valve Oven Temperature 175 °C 
 MS Transfer line Temperature 250 °C 
   
Valve Timing Parameters 
 Prep Run – Valve #1 OFF (Vacuum) 
 0.00 min – Valve #2 ON (Sample Injection) 
 3.00 min – Valve #2 OFF 
 4.00 min – Valve #1 ON 
 
MS Parameters Setting 
 Ion Source 200 °C 
 Filament Delay Time 10.75 min 
 Chromatographic Filter 2 sec 
 Scan  10 – 250 amu/z 
 Scan Rate 500 amu/sec 
 Multiplier Voltage ≈1200 V 
 Ionization Mode EI 
 Electron Energy 70 eV 
 Emission Current 100 µA 
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To permit simultaneous identification and quantification, the flow from the Petrocol 
DH column was split between a flame ionization detector (FID) and the mass 
spectrometer (MS).  While it is possible to accomplish both quantification and 
identification with only the MS, the ionization strength decreased significantly over the 
month required to complete all experiments due to contamination of the lenses and ion 
source.  Upon cleaning of the ion source and lenses, the signal strength would return to 
nearly the same value, but not satisfactorily close to permit accurate quantification.  
Furthermore, it was time and cost prohibitive to either synthesize or purchase all of the 
intermediate species that will be produced during the oxidation of the fuel making the 
quantification of the species difficult since the MS ionization efficiency can be very 
sensitive to chemical structure.  Therefore, the insensitivity of the FID to structural 
isomers was very desirable.  The split between the FID and MS was accomplished using 
a low dead volume tee and two different diameters of fused silica tubing.  The tubing 
used for the MS split was approximately 1.0 meter long with an inner diameter of 0.110 
mm.  The tubing used for the FID was approximately 0.77 meter long with an inner 
diameter of 0.150 mm.  Utilizing this combination of tubing permitted a FID to MS flow 
split ratio of approximately 2:1.  However, this method was not without disadvantages.  
First, the Petrocol DH column was designed for non-polar compound separation, thus its 
ability to separate polar compounds, such as aldehydes, ketones, and ethers, was 
significantly less effective than for alkanes and alkenes.  Second, the FID detector was 
significantly less sensitive to oxygen containing hydrocarbons.  As a result, species such 
as formaldehyde (CH2O) were not quantified with the FID and most oxygenate species 
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had significantly larger calibration errors.  Regardless, the advantages of the FID and 
column selection greatly outweighed the disadvantages. 
 
3.3.2.4 Calibration and Quantification 
Many of the compounds identified did not have associated calibration curves due to 
the inability to purchase standards.  The lack of standards was especially prevalent for 
cyclic ethers and to a lesser extent for ketones and branched alkanes and alkenes.  As a 
result, quantification of these compounds was accomplished employing the calibration 
curve of a similar molecule.  The calibration curves were based upon a linear least 
squares fit of the calibration injections and included a zero intercept point in the fitting.  
If the unknown and calibration curve species were of the same functional group but 
different molecular weights, then the FID response of the unknown was scaled according 
to the species carbon numbers.  However, if the two species had differing numbers of 
double bonds, an additional correction factor was applied to correct the differing response 
factor of the compounds.  The equation for calculating the concentrations of the unknown 
compounds is shown below. 
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For the compounds that required the additional response factor corrections, 
theoretical values were estimated from the molecules empirical formula, shown below.   
 
 
011.12#*
008.1*#011.12*#
C
HCRF +=  
 
atomshydrogen  ofnumber  #
atomscarbon  ofnumber  #
Where,
=
=
H
C  
 
 
Employing these techniques with two known compounds, the errors associated with this 
correction were typically less than 5% for a four carbon atom difference.   
Only a limited number of calibration compounds were available for the oxygenate 
species.  Therefore, all oxygenate compounds were assumed to have the same response 
factor as an aldehyde of similar carbon number.  If the oxygenate species to be quantified 
was of different carbon number as the available aldehyde compound, then a carbon 
number correction factor was applied as outlined above.  The additional response factor 
was not applied for any of the oxygenates.   
Finally, analysis of variance (ANOVA) and regression analysis were employed in an 
effort to quantify the errors associated with the quantification of the intermediate 
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combustion species.  The result of this analysis was the uncertainty of a single value, Sy, 
calculated from the calibration curve.  The equations utilized for the analysis are shown 
below. 
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m = number of measurements of the unknown sample (always, 1) 
N = number of calibration curve points (typically, 3-5) 
y = FID area count of calibration species 
x = concentrations of calibration species 
yi = FID area count of unknown species 
 β = slope of linear least squares fit to calibration points 
 
As the molecular weight of the hydrocarbon increased, it became increasingly 
difficult to vaporize and maintain in the vapor phase for gas phase calibrations.  
Consequently, the associated errors rose significantly for these hydrocarbons.  The results 
of the ANOVA analysis have not been included in the quantification graphs for each of 
the fuels examined due the high errors associated with the large molecular weight fuels.  
Typically, the errors were approximately 20% for a compound with a molecular weight 
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of 120 or more.  Similar errors were reported by Shaddix and coworkers during their 1-
methylnapthalene studies (Shaddix et al., 1997).  It is important to note that this analysis 
does not include other sources of errors, such as sample extraction errors, variations in 
reactor flow rates, possible decay of the samples prior to analysis, or errors resulting from 
carbon number correction factors. 
 
3.4 Reactant Gases and Fuels 
During the course of these experiments a variety of gases, fuels and calibration 
standards were used.  For the operation of the PFR facility, all of the gases were supplied 
by BOC Gases.  The nitrogen was supplied as a liquid and had a minimum purity of 
99.999 %.  The oxygen, BOC Grade 4.4, had a minimum purity of 99.994 %.  The full 
boiling range fuels, namely JP-8, Jet-A, and JP-7, were supplied by WPAFB and Phillips 
Petroleum Company.  The neat fuels used during the surrogate studies were supplied by 
Sigma-Aldrich Chemical Company or its subsidiaries and were as pure as economically 
feasible, ranging from 97 to 99+ %.  The surrogates were then blended on a volumetric 
basis to obtain the component mixtures.  For the surrogate of dodecane, 2,2,4,4,6,8,8-
hetpamethyl-nonane, methylcyclohexane, and 1-methylnaphthalene, each component was 
examined in the Thermo Finnigan GC/MS in an attempt to determine the major 
impurities.  For the 99+ % n-dodecane, Sigma-Aldrich Part #297879, Lot # 00750EC, 
only one major impurity, likely a C12 alkane, was detected but could not be positively 
identified.  For the 98 % 2,2,4,4,6,8,8-hetpamethyl-nonane, Sigma-Aldrich Part #128511, 
Lot # 0752PI,  four major impurities, likely all C16 alkanes, were detected but could not 
be positively identified.  For the 99+ % methylcyclohexane, Sigma-Aldrich Part # 
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300306, Lot # HI07144EI, no significant impurities were detected (less than 2 ppm per 
1000 ppm fuel).  For the 97 % 1-methylnaphthalene, Fluka Part #67880, Lot #1069419, 
the major impurity was identified as 2-methylnaphthalene. 
For the gas chromatography, helium was used as the carrier and make-up gas, while 
hydrogen and air were used for the flame ionization detector.  All of the GC gases were 
obtained from BOC Gases.  The helium, Grade 6.0, had a minimum purity of 99.9999 % 
with the maximum impurities accounting for 1 ppm.  The air, Zero 0.1, had a minimum 
purity of 99.5 % and contained less than 0.1 ppm total hydrocarbon content.  The 
hydrogen, Grade 5.5, had a minimum purity of 99.9995 % with the maximum impurities 
accounting for 5 ppm.   
Calibration standards for the identification and quantification of the intermediate 
oxidation species involved using both gas and liquid phase standards.  All gas standards 
were obtained from Scott Specialty Gases in Scotty-17 or Scotty-48L canisters.  These 
standards had an accuracy of ± 10% of desired concentrations.  Approximately half of the 
Scott Specialty Gas standards were only available at 3 concentration levels, 15, 100, and 
1000 ppm.  The remaining Scott standards were utilized for retention time matching of 
unknown compounds.  The liquid standards were all obtained from Accustandard and 
were mixtures of 15 – 35 chemical species.  Three to five injections of each standard 
were utilized to produce the calibration curve for the liquid samples.  The following table 
documents which standards were used, their sources, their documented accuracy (if 
given), and the number of injections used to establish the calibration curve.  The 
associated retention times for each compound present in the standards (and those 
identified during the experimental study) are included in Appendix C. 
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Table 12: Calibration standards employed for quantification of intermediate combustion species. 
Mixture Phase Species Accuracy Carbon Number 
Source 
(Part #) Lot # Injections 
PIANO 
Aromatics L 38 N/A C6 – C12 
Accustandard 
(ASTM-P-
0033) 
A9030164 3 
PIANO 
Paraffins L 15 N/A C5 – C15 
Accustandard 
(ASTM-P-
0031) 
B4070002 5 
PIANO 
iso-
Paraffins 
L 35 N/A C5 – C10 
Accustandard 
(ASTM-P-
0032) 
B3120259 5 
PIANO 
Olefins L 25 N/A C5 –C10 
Accustandard 
(ASTM-P-
0035) 
B2040312 3 
PIANO 
Naphtha L 30 N/A C5 –C10 
Accustandard 
(ASTM-P-
0034) 
B3050111 3 
Aldehyde L 11 N/A C2-C12 Accustandard (Custom) N/A 3 
Alkene 
15ppm G 5 10% C2 – C6 
Scott Gas 
(Mix 3) 102905B 1 
Alkene 
100ppm G 5 5% C2 – C6 
Scott Gas 
(Mix 235) 309903D 1 
Alkene 
1000ppm G 5 5% C2 – C6 
Scott Gas 
 (Mix 235) 103001D 1 
iso-
Butylene 
50ppm 
G 1 5% C4 Scott Gas  (Mix 702) 103002D 1 
iso-
Butylene 
100ppm 
G 1 5% C4 Scott Gas  (Mix 703) 033302D 1 
iso-
Butylene 
1000ppm 
G 1 5% C4 Scott Gas  (Mix 704) 103003D 1 
Alkane 
15ppm G 1 5% C1 – C7 
Scott Gas 
(Mix 243) 309905D 1 
Alkane 
100ppm G 1 5% C1 – C6 
Scott Gas 
(Mix 220) 120101D 1 
Alkane 
1000ppm G 1 5% C1 – C6 
Scott Gas 
(Mix 224) 309904D 1 
Methyl-1- 
Alkenes G 5 10% C4 – C6 
Scott Gas 
(Mix 5) 310003D 1 
Methyl-2- 
Alkenes G 4 10% C5 – C6 
Scott Gas 
(Mix 6) 309902D 1 
Methyl-
Alkanes G 6 10% C4 – C6 
Scott Gas 
 (Mix 2) 309809D 1 
Alkynes 
15ppm G 4 10% C2 – C4 
Scott Gas 
(Mix 30) 025605D 1 
C4s G 8 10% C4 Scott Gas (Mix 55) 025606D 1 
Cyclo-
alkane 
15ppm 
G 4 10% C5 – C7 Scott Gas (Mix 8) 026602A 1 
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It was necessary to inject the liquid standards into the GC in the gas phase to allow 
direct comparison with the gas phase standards.  The liquid phase standards were injected 
into a vaporization chamber, and then diluted with nitrogen (BOC Grade 4.7) to yield a 
gas phase standard.  However, prior to these experiments, the vaporization chamber used 
in previous studies (Agosta, 2002) was modified to allow for more precise measurements 
of the fuel injection pressure rise.  The previous method utilized a single pressure 
transducer which had a range of 0 – 1293 torr (0 to 25 psia) with a resolution of 0.1 torr 
(Setra Model 204).  When vaporizing a pure fuel a difference of 0.1 torr in the initial 
pressure rise could result in significant errors in the calibration curves.  Therefore, a high-
resolution, low-pressure, pressure transducer (Setra Model 760) was added to the 
vaporization chamber; however, its range was only 0 to 20 torr.  Therefore, the pressure 
rise from the fuel injection was measured with the new transducer and the original 
transducer measured the subsequent addition of air to 760 torr.  Using the high-resolution 
transducer, pressure measurements of less than 0.005 torr resolution were possible.  
Hence, significant improvements in the linearity of calibration curves were observed, 
which resulted in a significant decrease of calibration quantification errors. 
Due to the very high boiling point and extremely low vapor pressure of the larger 
hydrocarbons in the calibration standards, the vaporization cell was heated to 
approximately 260 °C to minimize condensation and was heavily insulated.  The transfer 
line from the vaporization cell to the MS was the same transfer line used between the 
sample cart and the MS during the experiments.  The transfer line was heated to the same 
temperature, 160 °C, as used during the experiments.  However, some condensation still 
occurred, most likely at the pressure transducers since they could not be heated to high 
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temperatures.  The condensation was most apparent for species with a molecular weight 
above 160.  During quantification of these very high molecular weight species, the 
calibration curve for a species below a molecular weight of 160 was used. 
 
3.5 Closure 
The experimental techniques and procedures described in this section were used 
throughout this study to obtain the experimental results.  Only CCD experiments were 
conduced on the Jet-A and JP-8 samples, while CCD and CIT experiments were 
conducted on the n-dodecane, 2,2,4,4,6,8,8-hetpamethyl-nonane, methylcyclohexane, and 
1-methylnaphthalene studies.  The results of these experiments will be discussed in the 
following chapters. 
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4. Oxidation of JP-8, Jet-A, and their Surrogates 
 
This chapter describes the experimental results from the oxidation of an assortment of 
JP-8, Jet-A, and JP-7 samples and JP-8 surrogates in the pressurized flow reactor facility 
at elevated temperatures and pressures.  The first section describes the experimental 
conditions and procedures unique to these experiments.  Sections 4.2 and 4.3 present the 
results from the reactivity mapping experiments with JP-8, Jet-A, and JP-7.  Section 4.4 
identifies an average behavior for JP-8 and Jet-A and presents comparisons with several 
JP-8 surrogates.  Closure for this chapter is provided in Section 4.5. 
 
4.1 Fuel Samples and Experimental Conditions 
A variety of aviation fuel samples were procured from two principle sources, Wright-
Patterson Air Force Base (WPAFB) and Phillips Petroleum Company.  Three samples of 
Jet-A, four samples of JP-8, and a sample of JP-7 were obtained from WAFB and one 
sample of JP-8 was obtained from Phillips Petroleum.  Each WPAFB sample had a 
unique identifier code, the first two numbers specified the year the sample was received 
at WPAFB.  All of the WPAFB samples were fully characterized according to the 
associated specification.  The Jet-A samples were characterized according to the ASTM 
D-1655 specification, while the JP-8 samples were characterized according to the MIL-T-
83133 specification.  Efforts were made to obtain the characterization for the appropriate 
batch of the Phillips Petroleum JP-8 sample, however, only the characterization of a 
“similar” batch was obtained.  The samples represent wide range in composition, and 
physical properties, as shown in Table 13 and Table 14.  Overall, the JP-8 samples 
represented a slightly narrower range of properties than the Jet-A samples. 
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Table 13: Fuel properties for the Jet-A and JP-7 fuel samples. 
Property JP-7 02POSF-3327 
Jet-A 
99POSF-3602 
Jet-A 
99POSF-3638 
Jet-A 
99POSF-3593 
Aromatics 
(%vol) 0 24 12 19 
Olefin 
(%vol) N/A 0.9 1.4 1.9 
Naphthenes 
(%vol) N/A N/A N/A N/A 
API Gravity 46.9 41.1 46.1 42.9 
Heat of 
Combustion 
(MJ/kg) 
43.97 43.3 43.7 43.2 
Hydrogen 
Content 
(%mass) 
14.64 N/A N/A N/A 
FSII 
(%vol) 0.05 0.0 0.0 0.0 
Total 
Sulfur 
(%mass) 
0.0 0.0 0.0 0.2 
Distillation (°C)    
IBP 195 N/A N/A N/A 
10% 202 180 176 177 
20% 204 N/A N/A N/A 
50% 212 208 195 206 
90% 232 238 221 253 
EP 253 258 235 270 
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Table 14: Fuel properties for the JP-8 fuel samples. 
Property JP-8 02POSF-4177 
JP-8 
99POSF-3684 
JP-8 
01POSF-3804 
JP-8 
00POSF-3773 
Aromatics 
(%vol) 16.3 18.1 19.7 15.9 
Olefin 
(%vol) 0.9 1.3 0.5 0.7 
Naphthalenes 
(%vol) 1.0 N/A N/A N/A 
API Gravity  42.4 44.6 45.9 45.8 
Heat of 
Combustion 
(MJ/kg) 
43.1 43.2 43.3 43.3 
Hydrogen 
Content 
(%mass) 
13.7 13.8 13.8 13.9 
FSII 
(%vol) 0.11 0.07 0.10 0.07 
Total 
Sulfur 
(%mass) 
0.14 0.04 0.08 0.07 
Distillation (°C)    
IBP 129 143 158 150 
10% 179 170 175 170 
20% 187 178 181 176 
50% 205 199 198 196 
90% 235 242 235 237 
EP 261 260 252 256 
 
 
 
Only one of the primary PFR experiments was conducted for each fuel sample, 
specifically the Controlled Cool Down (CCD) experiment.  Specifying the experimental 
conditions for the samples posed a unique problem not encountered for neat fuel studies.  
Due to the nature of full boiling range fuels, the composition of the individual samples 
could vary significantly.  These variations influence the empirical formula of the fuel, 
thereby, affecting the fuel concentration (equivalence ratio) of the experiment.  Since the 
empirical formula was not known for each sample and could not be determined, a 
constant fuel flow rate between all of the samples was adopted.  As there is no method to 
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compensate for composition variability in diesel and gas turbine engines, this appears to 
be a reasonable procedure for the testing of the different samples.  The average empirical 
formula of C11H21 (Edwards and Maurice, 2001) was used during the initial fuel flow rate 
calibrations to provide approximate experimental conditions.  The calibration for the fuel 
flow rate was accomplished using the FT-IR during the first JP-8 CCD experiments with 
the Phillips Petroleum sample.  The experimental conditions for the experiments are 
shown in Table 15. 
 
 
 
Table 15: Experimental conditions for the full boiling range fuel experiments 
Pressure 
(atm) 
Equivalence 
Ratio 
Residence Time 
(ms) 
Dilution 
(%) 
Fuel 
(ppm) 
8.0 ± 0.25 ≈0.30 120 ± 9 80.0 ≈775 
     
Fuel 
(ml/min) 
Fuel 
(mol/mol-total) 
Nitrogen 
(mol/mol-total) 
Oxygen 
(mol/mol-total) 
Velocity @ 
810 K 
(cm/s) 
1.050 0.00078 0.95724 0.04198 286.1 
 
 
 
 
4.2 JP-8 Oxidation Studies 
The CCD experiments were conducted over the temperature range of 600 to 800 K at 
a pressure of 8 atm and a strong negative temperature coefficient (NTC) behavior was 
observed for all JP-8 samples, Figure 29.  A relatively wide range of reactivities were 
observed between the JP-8 samples, with the 01POSF-3804 sample representing the most 
reactive and the sample procured from Phillips Petroleum being the least reactive.  
Interestingly, the start of the NTC region was observed to occur around 680 K and did 
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not significantly vary between the samples.  The variations in start temperature of the 
NTC region were approximately 3 °C, within experimental error and repeatability.   
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Figure 29: Reactivity maps for the JP-8 samples. 
 
 
 
To investigate the factors influencing CO production, the various chemical properties 
documented for each sample were compared to the maximum CO production.  Figure 30 
shows the correlation between the maximum CO production and aromatic and alkene 
content, with large dashed lines representing the linear least squares fit to the correlation 
and the horizontal lines representing the average content reported by PQIS for 2002 
(Petroleum Quality Information System, 1990-2002).  Aromatics are typically added to 
fuels to decrease the overall reactivity of a fuel, especially in the low temperature regime.  
The correlations show no clear trend between increasing aromatic content and decreasing 
reactivity as there is significant scatter.  However, the samples obtained from WPAFB 
only vary slightly around the average value.   
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The alkene content only accounts for a small fraction of the total volume, as the 
specifications only allow up to 5 %vol.  The samples obtained from WPAFB are all at or 
below the average value.  Decreasing alkene content does appear to correlate to 
increasing reactivity, as alkenes are less reactive compared to alkanes of the same 
molecular weight.  However, it is likely that other factors are controlling the extent of 
reactivity, due to the very low concentration of the alkenes. 
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Figure 30: Correlation of aromatic and alkene content to maximum CO production for the WPAFB 
JP-8 samples. 
 
 
 
The correlations between API gravity and total sulfur content are plotted in Figure 31.  
The API (American Petroleum Institute) gravity describes the density of a fuel, with a 
high API number denoting a fuel with lower density.  The effect of assuming a constant 
flow rate for each sample is easily seen in the correlation of the API gravity.  As the API 
gravity increases, the density decreases, thereby increasing the number of fuel molecules 
that are injected into the flow reactor, in turn increasing the CO production.   
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The total sulfur allowed in JP-8 is being steadily decreased to lower emissions and 
prevent poisoning of catalytic converters, however, all of the samples received have more 
sulfur than average.  Despite some scatter, a reduction in sulfur appears to increase CO 
emissions.  However, this behavior is opposite to the observed effects of SOx formation 
during diesel engine studies (Asaumi et al., 1992) and NOx addition during flow reactor 
studies in the low and intermediate temperature regime (Prabhu et al., 1996; Prabhu, 
1997).  It is likely that the correlation is just a coincidence and not chemically driven.  
Nevertheless, direct measurement of SOx formation would be necessary to elucidate its 
influence on the low and intermediate temperature reactivity.  
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Figure 31: Correlation of total sulfur content and API Gravity to maximum CO production for the 
WPAFB JP-8 samples. 
 
 
 
Comparisons between the distillation curves of the JP-8 samples were also made, 
Figure 32.  Of the distillation volume fractions, the initial boiling point (IBP) temperature 
was the most variable between the JP-8 samples.   
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Figure 32: Distillation curves of the WPAFB JP-8 samples. 
 
 
 
To determine how the differences in distillation temperatures impacted the reactivity 
and formation of CO, the temperatures for the IBP, Evaporation Point (EP), 10%, 50%, 
and 90% distillations were correlated to maximum CO formation, Figure 33.  All of the 
distillation temperatures, except the IBP, had minimal or a slightly negative impact on the 
overall reactivity.  The higher IBP is indicative of a larger fraction of higher molecular 
weight hydrocarbons.  The higher hydrocarbons are typically more reactive, especially 
linear alkanes.  The higher reactivity has been correlated to higher cetane index values by 
Agosta (2002).  However, cetane index is not a parameter specified in the MIL-T-13133 
specification, thus was not determined by WPAFB. 
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Figure 33 Correlations of distillation temperatures to maximum CO production for the WPAFB JP-8 
samples. 
 
 
 
For distillate type fuels, the cetane index can be estimated from density and 
distillation measurements, as specified by ASTM method D4737.  The method is not a 
substitute for experimentally verified cetane index, but, it can provide reasonable 
estimates.  However, there are two criteria that must be satisfied to use the formula, the 
fuel must be a distillate type fuel and can not use cetane improvers.  Cetane improvers are 
not typically used in JP-8 or Jet-A, but JP-8 and Jet-A are not exclusively distillate type 
fuels.  However, given the similarities of distillate and kerosene fuels, the method was 
employed nevertheless.  The specifications for two samples, one from Phillips Petroleum 
and a very recent sample from the U.S. Army, reported experimentally determined cetane 
index values.  These values were used to estimate the error between the calculated and 
experimental cetane index.  The calculated values overestimated the cetane index by 2 to 
3 points.  The 6% error was sufficiently low as to allow the use of the ASTM method.  
The equation specified by the ASTM method is shown below. 
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The calculated cetane index for each of the WPAFB JP-8 samples are reported in 
Table 16 and the associated correlations are plotted in Figure 34.  The average cetane 
index reported in the latest PQIS report was 42.63 with a standard deviation of 3.63.  The 
samples from WPAFB were principally towards the upper end of the standard deviation 
or above.  However, adjusting for the 2-3 point overprediction of the equation, the 
samples exhibit a more systematic scatter about the average value.  Nevertheless, the 
calculated cetane index values correlate extremely well with the reactivity. 
 
 
 
Table 16: Calculated cetane index for the JP-8 fuel samples. 
 JP-8 02POSF-4177 
JP-8 
99POSF-3684 
JP-8 
01POSF-3804 
JP-8 
00POSF-3773 
CCI 42.2 44.8 47.0 46.0 
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Figure 34: Correlations of calculated cetane index and aromatic content to maximum CO production 
for the WPAFB JP-8 samples. 
 
 
 
 
4.3 Jet-A and JP-7 Oxidation Studies 
In a similar procedure as the JP-8 studies, CCD experiments were carried out in the 
flow reactor facility for each Jet-A and JP-7 fuel sample.  A single JP-7 sample was 
chosen to represent a fuel sample with extremely low aromatic content since none of the 
available JP-8 or Jet-A samples met that criterion.  JP-7 is not a kerosene fuel like most 
other jet fuels, but is composed of special blending stocks to produce a very clean 
hydrocarbon mixture with low aromatics (typically 3%), and nearly zero sulfur, nitrogen 
and oxygen impurities.  JP-7, military specification MIL-DTL-38219, was developed for 
use in advanced supersonic aircraft, such as the SR-71 Blackbird spy plane, because of its 
thermal stability and high flash point.   
The CCD experiments were conducted over the temperature range of 600 to 800 K 
and a strong negative temperature coefficient (NTC) behavior was observed for all of the 
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samples, Figure 35.  This study represents the first known identification of the NTC 
behavior for either JP-7 or Jet-A.   
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Figure 35: Reactivity maps for the Jet-A and JP-7 samples. 
 
 
 
A slightly wider range of reactivity was observed for the Jet-A and JP-7 samples than 
for the JP-8 samples.  The JP-7 fuel represented the most reactive of the samples and the 
99POSF-3602 sample was the least reactive sample.  As with the JP-8 samples, the start 
of the NTC region did not vary significantly between the Jet-A samples and occurred 
around 680 K.  The similarity in the start of the NTC region was expected due to the 
similarities between JP-8 and Jet-A.  This would tend to suggest that the additives 
required by the JP-8 specification do not have a significant impact on the oxidation 
process, at least in terms of the NTC behavior.  Surprisingly, the start of the NTC region 
for the heavily processed JP-7 fuel was essentially identically to that of JP-8 and Jet-A 
fuels.   
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Figure 36: Correlation of aromatic and alkene content to maximum CO production for the Jet-A and 
JP-7 samples. 
 
 
 
To investigate the factors that influenced CO production, the various chemical 
properties documented for each sample were compared with the maximum CO 
production.  Figure 36 plots the correlation between maximum CO production and 
aromatic and alkene content, with large dashed lines representing the linear least squares 
fit to the Jet-A samples extrapolated to the reactivity of the JP-7 sample.  Unlike the JP-8 
samples, the Jet-A samples exhibit a nearly linear response between reactivity and 
aromatic content.  This linearity may only be a result of the wider range in aromatic 
content between the fuels samples, 12% for the Jet-A samples and only 5% for the JP-8 
samples.  Significant scatter was observed in the correlation between alkene content and 
CO formation.  As noted for JP-8, the variations in alkenes are probably not significantly 
influencing the oxidation process due to their low concentrations.   
The correlations between API gravity and total sulfur content are illustrated in Figure 
37.  Due to the constant flow rate assumption, the relationship between API gravity and 
maximum CO formation was nearly linear for the Jet-A samples.  The extrapolation of 
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the API gravity correlation from the Jet-A samples to the reactivity of the JP-7 was not as 
predictive as with the aromatic content.  It is rather surprising that any of the extrapolated 
correlations matched the JP-7 sample given the significant differences between Jet-A and 
JP-7.  Only one of the Jet-A samples had a measurable concentrations of sulfur, so no 
general trend could be inferred.   
 
 
 
0.00
0.05
0.10
0.15
0.20
0.25
650 700 750 800 850 900 950 1000 1050 1100 1150
Maximum CO Molar Fraction (ppm)
To
ta
l S
ul
fu
r (
%
 m
as
s)
40.0
42.0
44.0
46.0
48.0
50.0
52.0
A
PI
 G
ra
vi
ty
Sulfur - JetA Sulfur - JP-7 API Gravity - JetA %API Gravity - JP-7
 
Figure 37: Correlation of total sulfur content and API Gravity to maximum CO production for the 
Jet-A and JP-7 samples. 
 
 
 
Comparisons between the distillation curves of the Jet-A and JP-7 samples were made 
in Figure 38.  For the Jet-A samples, only the 10%, 50%, 90%, and EP temperatures were 
reported.  The Evaporation Point (EP) temperature was the most variable between the Jet-
A samples, a trend opposite of that observed for the JP-8 samples.  The JP-7 sample had 
significantly higher distillation temperatures at lower fractions.  The temperature range of 
the distillation was also significantly narrower than observed for the other fuels; all of 
these factors are related to the heavy processing of JP-7.   
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Figure 38: Distillation curves of the Jet-A and JP-7 samples. 
 
 
 
As with the JP-8 samples, the temperatures for the Evaporation Point (EP), 10%, 
50%, and 90% distillations were correlated to CO formation for the Jet-A samples, Figure 
39.  The distillation temperatures all show a negative impact on the overall reactivity with 
the EP showing the most reduction in reactivity at higher temperatures.   
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Figure 39: Correlation of distillation temperatures to maximum CO production for the Jet-A 
samples. 
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The cetane index was calculated according to the ASTM method D4737 for the Jet-A 
samples and the results are shown in Table 17.  The associated correlation between 
cetane index and the maximum reactivity is illustrated in Figure 40.  The Jet-A samples 
show more scatter from the linear fit than observed for the JP-8 samples, but still exhibit 
a strong relationship between cetane index and reactivity. 
 
 
 
Table 17: Calculated cetane index for the Jet-A samples. 
 Jet-A 99POSF-3602 
Jet-A 
99POSF-3638 
Jet-A 
99POSF-3593 
CCI 40.7 45.9 44.4 
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Figure 40: Correlations of calculated cetane index and aromatic content to maximum CO production 
for the Jet-A samples. 
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The correlations for Jet-A and JP-8 were compared to determine if there were any 
fundamental differences between Jet-A and JP-8 that would preclude using Jet-A in lieu 
of JP-8 for surrogate and model development purposes.  Figure 41 shows the relationship 
between aromatic content and maximum CO formation, with the dashed line being the 
least squares fit to the Jet-A data.  The JP-8 samples overlay the Jet-A relationship 
reasonably well, but some deviation from the correlations was observed for 2 samples.   
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Figure 41: Relationship between maximum CO production and aromatic content for JP-8 and Jet-A 
samples. 
 
 
 
Additional correlations were compared to elucidate the source of the JP-8 deviations.  
During the comparisons, several unique differences were observed.  For a specific API 
gravity and calculated cetane index (CCI), the JP-8 samples were generally less reactive 
than the Jet-A samples.  Using linear correlations, the JP-8 samples produced 
approximately 50 ppm of CO less for a given API or CCI value, Figure 42 and Figure 43.  
To determine if the observed differences were “real”, several of the JP-8 and Jet-A 
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samples were oxidized several times to identify the variability in CO formation.  The 
fluctuations in CO formation typically varied around 30 ppm, suggesting that the 
observed differences were genuine.   
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Figure 42: API gravity as a function of maximum CO formation for the JP-8 and Jet-A samples. 
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Figure 43: Cetane index as a function of maximum CO formation for the JP-8 and Jet-A samples. 
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Figure 44: Heat of combustion as a function of maximum CO formation for the JP-8 and Jet-A 
samples. 
 
 
 
However, when comparing the heat of combustion as a function of CO formation for 
Jet-A and JP-8, an opposite trend was observed, Figure 44.  This suggested that the 
differences in CO production may be a result of small changes in the temperature along 
the length of the reactor due to the combustion process.  However, normalizing CO 
production by the heat of combustion did not significantly alter the discrepancies between 
JP-8 and Jet-A.  A wide variety of normalization factors were employed to determine the 
factors causing the discrepancies, but no property was identified.  Nevertheless, given the 
wide variations observed in aromatic content, cetane index values, and API gravity, the 
differences observed between the two fuels are not sufficient cause to prevent the 
interchangeable use of the fuels in combustion studies.   
As noted previously, the principle difference between JP-8 and Jet A-1/Jet-A is that 
JP-8 requires the addition of three additives.  The similarities in the temperatures for the 
start of the NTC region had suggested that the additives required for JP-8 have limited 
influence on the combustion process.  However, due to the high concentrations required 
 129
for the FSII additive (1000 to 1500 ppm by volume), a direct investigation of the additive 
was conducted.  The FSII additive, di-ethylene glycol monomethyl ether (di-EGME), was 
purchased from Sigma-Adrich as pure as economically feasible, 99.6+% (Sigma-Aldrich 
Part #579548, Lot # 03221JB).  The additive was mixed with a sample of Jet-A, 99POSF-
3593, at the maximum concentration permitted by the specifications.  The comparison 
between the “neat” and FSII Jet-A sample is shown in Figure 45.  The FSII additive 
slightly increased the overall reactivity by approximately 30 ppm.  However, given that 
CO formation typically varied around 30 ppm, it is likely that the observed increase was 
only due to experimental variability and not a chemical effect of the FSII additive. 
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Figure 45: Reactivity map comparison between Jet-A and Jet-A with the FSII additive. 
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4.4  “Average” JP-8 Reactivity and Surrogate Oxidation Studies 
One of the major results of the Jet-A and JP-8 reactivity studies was the ability to 
identify an “average” JP-8 reactivity in the low and intermediate temperature regime.  All 
of the samples were compared to the average properties reported by PQIS.  Two fuel 
samples, one JP-8 and one Jet-A, were identified as “average” in both composition and 
reactivity, Table 18.   
 
 
 
Table 18: Properties of the “average” JP-8 and Jet-A samples and the average JP-8 reported by 
PQIS. 
Property Jet-A 99POSF-3593 
JP-8 
99POSF-3684 
Average 
JP-8 
Aromatics 
(%vol) 19 18.1 
17.88 
± 3.22 
Olefin 
(%vol) 1.9 1.3 
1.35 
± 0.92 
Naphthenes 
(%vol) N/A N/A 
1.41 
± 0.73 
Cetane Index 47.0* 44.8* 42.63 ± 3.63 
API Gravity 42.9 44.6 43.71 ± 2.25 
Heat of 
Combustion 
(MJ/kg) 
43.2 43.2 43.21 
Hydrogen 
Content 
(%mass) 
N/A 13.8 13.74 ± 0.23 
FSII 
(%vol) 0.0 0.07 N/A 
Total 
Sulfur 
(%mass) 
0.2 0.04 0.05 ± 0.05 
Distillation (°C)   
IBP N/A 143 N/A 
10% 177 170 172.4 
20% N/A 178 N/A 
50% 206 199 N/A 
90% 253 242 N/A 
EP 270 260 263.7 
* Calculated value 
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One of the principle foundations for the development of the JP-8 surrogates has been 
the distillation behavior of JP-8.  However, only two temperatures on the distillation 
curve, the 10% recovery and Evaporation Point, were reported by PQIS.  Therefore, the 
average distillation temperatures of the JP-8 and Jet-A samples were determined and 
plotted in Figure 46.  The 10% recovery point was at 176 °C and the EP was at 260 °C 
for the JP-8 samples, very close to the average reported by PQIS.  The Jet-A samples had 
a 10% recovery point temperature of 178 °C and an EP temperature of 254 °C, 
reasonably close to the JP-8 values.   
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Figure 46: Average distillation curve for the JP-8 and Jet-A samples. 
 
 
 
To provide the foundation for the next phase of this study, the oxidation of large 
hydrocarbons, several of the surrogates, discussed previously, were oxidized at 
conditions similar to the distillate fuels.  Four surrogates were chosen for comparison to 
the average JP-8 behavior, specifically the Sur_2 (MSCI) and Hex-12 from the Violi and 
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coworkers, and two surrogates, the S1 and S5 mixture, from Agosta.  Each of the 
surrogates also used the same fuel flow rate as the full boiling range fuels.  The reactivity 
maps of the surrogates and the identified “average” JP-8 is illustrated in Figure 47. 
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Figure 47: Reactivity maps for the JP-8 surrogates and "average" JP-8 sample. 
 
 
 
The Sur_2 surrogate was significantly more reactive than the average JP-8 sample.  
Although the surrogate reasonably matched the distillation curve, the components were 
not selected and mixed to match the average cetane index of JP-8.  Assuming a linear 
blending model, the Sur_2 had a cetane index of approximately 62, thereby resulting in 
the significantly higher reactivity than the average fuel sample.  The S5 surrogate by 
Agosta was the least reactive of the surrogates.  This surrogate had been tuned to match 
the Phillips Petroleum JP-8 sample that had shown significantly less reactivity than the 
“average” sample, illustrating the dangers of using a sample that has been assumed to be 
of average composition.  Of the surrogates, the Hex-12 and S1 mixtures provided the 
closest match to the average reactivity.  However, none of the surrogates matched the 
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start of the NTC region, the only property what was essentially constant between the 
various samples.  The Hex-12 surrogate, although an adequate surrogate given the 
variability in reactivity of JP-8, poses some significant problems.  First, the mixture is 
actually an 8-component surrogate due to one of the components being a mixture of o-
xylene, m-xylene, and p-xylene.  In addition, the oxidation of tetralin and decalin (Figure 
48) has not been studied in detailed; as a result, their reaction mechanisms are essentially 
unknown.  Therefore, due to the complexity of the Hex-12 surrogate and the choice of 
compounds, the S1 surrogate, a mixture of 43% n-dodecane, 27% 2,2,4,4,6,8,8-
heptamethyl-nonane, 15% methylcyclohexane, and 15% 1-methylnaphthalene, was 
selected as the surrogate that should be examined in more detail.   
 
 
 
  
decalin tetralin 
Figure 48: Structures of decalin and tetralin. 
 
 
 
4.5 Closure 
An investigation of the oxidation of JP-8, Jet-A, JP-7, and several published JP-8 
surrogates in a pressurized flow reactor facility over a range of temperatures (600 – 800 
K) at elevated pressure (8 atm) was completed.  Some of the important observations and 
conclusions are listed below: 
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(1) A total of 5 JP-8 samples were procured, of which 4 had been characterized by 
WPAFB.  The samples represented a relatively broad range of composition and 
exhibited a wide range in low temperature reactivity.  All samples showed a strong 
NTC region that started at 680 K and did not vary significantly despite substantial 
differences in composition.   
(2) A total of three Jet-A samples and one JP-7 were obtained, all of which were 
characterized by WPAFB.  The samples represented a broad range of composition 
and exhibited a wide range in low temperature reactivity.  All samples showed a 
strong NTC region that started at 680 K, the same as observed for JP-8. 
(3) Comparisons of the correlations between maximum CO production and various 
sample properties revealed that there are indeed physical differences between JP-8 
and Jet-A.  The correlations with properties, such as cetane index and API gravity, 
showed that JP-8 was slightly less reactive than a similar sample of Jet-A.  However, 
the differences are not large enough to prevent the interchangeable use of the fuels 
for surrogate development.  The FSII additive was directly examined to determine if 
it was the source of the observed differences.  The results show the additive (1500 
ppm) did not significantly alter the reactivity of a Jet-A sample.  Therefore, this high 
concentration additive does not need to be included in surrogate formulations. 
(4) Comparisons between JP-8, Jet-A, and the average values reported by the PQIS 
enabled the identification of an “average” sample of JP-8/Jet-A.  The study revealed 
that JP-8 sample #99POSF-3684 and Jet-A sample #99POSF-3593 were of average 
composition and properties.  Average low temperature reactivity and distillation 
curves were identified for JP-8.  The identification of these properties and samples is 
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an important step towards developing a more “universal” JP-8 surrogate for the U.S. 
Army and other researchers 
(5) The identification of an “average” behavior permitted comparisons with a variety of 
JP-8 surrogates that have been proposed.  Two surrogates stood out as the best to 
mimic the low temperature reactivity of JP-8, the Hex-12 surrogate by Violi and 
coworkers at the University of Utah and the S1 surrogate by Agosta here at Drexel 
University.  However, the comparisons also showed that extreme care must be taken 
to ensure that the sample used for surrogate development is of average composition 
and properties otherwise severe tuning of the surrogate could occur.  Average 
composition can not be assumed, it must be verified. 
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5. Results of n-Dodecane Oxidation 
 
This chapter describes the experimental results from the oxidation of n-dodecane in 
the pressurized flow reactor facility.  The first section describes the experimental 
conditions and procedures unique to the n-dodecane experiments.  Section 5.2 describes 
the model and associated parameters used throughout the detailed oxidation studies for 
comparison with various experimental results.  Sections 5.3 and 5.4 present the results of 
the CCD and CIT experiments.  Section 5.5 discuses the governing chemistry of neat n-
dodecane oxidation and Section 5.6 provides closure for this chapter. 
 
5.1 Experimental Conditions 
Both Controlled Cool Down (CCD) and Constant Inlet Temperature (CIT) 
experiments were conducted for neat n-dodecane.  Direct calibration of the fuel flow rate 
was not completed prior to the experiments, instead the fuel flow rate, 0.85 ml/min, 
determined during the study by Agosta was used.  After the flow rate had stabilized and 
prior to the conversion of the nitrogen makeup gas to oxygen, a sample was extracted to 
confirm the fuel calibration point with the GC/MS for both the CCD and CIT 
experiments.  The fuel concentration at the desired experimental conditions was 576 ppm.  
Upon analysis of the fuel calibration samples, 674 ppm of n-dodecane was present during 
the CCD calibration and 481 ppm of n-dodecane was present during the CIT calibration.  
The average of the two concentrations was nearly identical to the desired fuel conditions.  
The experimental conditions for the n-dodecane experiments are specified in Table 19.  
However, additional errors in the actual experimental conditions, affecting the actual fuel 
concentrations, may have occurred due to the procedure used during the calibration.  Two 
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different mass flow controllers are used for the switch between the “makeup” nitrogen 
and the oxygen, therefore, it is reasonable to assume that there may be a difference 
between calibration flows and experimental flows.  However, it is unclear exactly how 
much this transition will influence the fuel concentration, but as the fuels become larger 
and more reactive, the error between desired and actual fuel concentrations associated 
with the transition will become larger. 
 
 
 
Table 19: Experimental conditions for neat n-dodecane. 
Pressure 
(atm) 
Equivalence 
Ratio 
Residence Time
(ms) 
Dilution 
(%) 
Fuel 
(ppm) 
8.0 ± 0.25 0.25 120 ± 9 80.0 567 
     
Fuel 
(ml/min) 
Fuel 
(mol/mol-total) 
Nitrogen 
(mol/mol-total) 
Oxygen 
(mol/mol-total) 
Velocity @ 800 K 
(cm/sec) 
0.850 0.0006 0.9574 0.0420 282.2 
 
 
 
 
5.2 Model Conditions 
The only kinetic model available that includes all of the species used in this study was 
the lumped mechanism developed by Ranzi and Faravelli (Agosta et al., 2004).    The 
mechanism assumes that the parent fuel molecule breaks into several representative 
radical and stable species though a series of “initiating” reactions.  The identity and 
relative proportions of these representative species have been proposed, at least partly 
based upon detailed high temperature studies.  The smaller species then decompose 
through a detailed mechanism.  Many of the species in the model are represented by a 
general ‘lumped’ species.  For example, 1-heptene produced during the oxidation of n-
 138
dodecane was represented by a ‘lumped’ species that includes all heptenes.  The lumped 
mechanism included 7400 reactions among 276 species.   
The plug flow application from Chemkin 3.7.1 was used to perform the calculations.  
For all experiments, an isothermal temperature profile was assumed for the axial length 
of the flow reactor.  To model the CCD experiments, a series of calculations were 
preformed for inlet temperatures from 600 – 800 K at 5 °C increments.  Profiles of all 
stable species, except the ketohydroperoxides, were generated with a resolution of 
0.5 cm.  The concentrations at the actual experimental residence times were interpolated 
from the profiles using a Matlab code.  This procedure was repeated for each of the inlet 
temperatures with the results stored in an Excel spreadsheet.  For the CIT experiments, 
the reactor model was assumed to be isothermal at the average axial temperature of the 
reactor.  As before the concentrations of all stable species, except the 
ketohydroperoxides, were stored every 0.5 cm from which the concentrations were 
interpolated for the desired residence times of the experimental samples.  This procedure 
was repeated for each of the fuels examined in this study.  
 
5.3 CCD Experimental Results 
The CCD experiment was conducted over the temperature range of 600 to 800 K at 
the conditions noted in Table 19.  During the experiment, a strong negative temperature 
coefficient (NTC) behavior was observed to start at 695 K, Figure 49.  The start of the 
NTC region was lower than has been observed for n-heptane (700 K), suggesting that 
longer alkyl chains tend to have a lower NTC starting temperature.   
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Figure 49: CO and CO2 measurements during the n-dodecane CCD at 125 ms and sample extraction 
locations. 
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Figure 50: Typical GC chromatogram during the oxidation of n-dodecane. 
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Identification and quantification of the intermediate combustion species was 
completed for 14 temperatures throughout the low and intermediate temperature regime.  
n-Dodecane produced a large number of intermediate species throughout the temperature 
range, as a result, chromatographic analysis showed over 75 peaks during its oxidation, 
Figure 50.  Nearly all of the fuel, ~95%, was converted to intermediate species, a 
substantially higher percentage than has been observed for most other fuels examined to 
date in the flow reactor.  As is customary with detailed speciation, a carbon balance was 
performed on the quantified results to determine the “closure” of the quantification and 
sampling.  Applying this to only the positively identified compounds and compounds 
with known molecular weight resulted in a carbon balance of 40% at the maximum fuel 
conversion and 75% at smaller conversions.  The primary species that were identified and 
quantified were lower molecular weight alkenes and aldehydes.  With high carbon 
number fuels, the carbon balance percentage is heavily biased towards the larger 
compounds.  Even assuming that the major unidentified peaks were C12 compounds, the 
total carbon balance only increased to above 60% at the maximum fuel conversion.  
There are several possible explanations for this discrepancy.  First, it may be due to the 
condensation of very high boiling point cyclic ethers and other oxygenates formed during 
the oxidation.  The condensation could occur in the sampling probe, transfer lines, or 
sample storage cart.  While all of these systems were set at their maximum temperatures 
to minimize this effect, it is possible that some condensation occurred.  Alternatively, due 
to the low fuel loading and high carbon number of the fuels, the small difference between 
the “makeup” nitrogen and “reaction” oxygen may change the initial fuel mole fraction 
enough to change the carbon loading for the experiment.  Finally, vaporizing the large 
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molecular weight fuels requires substantial heating, which increases the errors associated 
with the calibration curves of the GC/MS and the possibility of catalytic cracking of the 
fuel prior to contact with the oxidizer stream.  Nevertheless, as this experiment represents 
one of the first “detailed” studies in this reaction regime for this fuel, any additional 
information in which to validate models will be beneficial.  The results of the carbon 
balance and the percentage of fuel conversion are illustrated in Figure 51. 
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Figure 51: Carbon balance and fuel conversion calculations during the n-dodecane CCD at 120 ms. 
 
 
 
The results of the quantification are shown in a series of figures grouped according to 
hydrocarbon functional group and plotted as a function of temperature.  In all of the 
figures, the experimental data are illustrated by points and the model predictions are 
shown as lines.  The temperature shown on the x-axis is not the same for both 
experimental and model results as the experimental results are based upon the sample 
temperature and the modeling results are the model temperatures.  As noted previously, 
many of the identified species may not be included in the mechanism, therefore, no trend 
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lines are included for these species.  Furthermore, some of species have a predicted 
concentration near zero resulting in the trend lines being plotted near the x-axis, 
nevertheless these trends are included to illustrate the differences between the mechanism 
and experimental results.   
Figure 52 shows the fuel destruction, the formation of CO and CO2, the extrapolated 
temperature rise from the inlet to the sample location, and the associated model 
predictions over the 600 to 800 K temperature range.  The model does an adequate job 
predicting fuel decomposition and CO formation, given its simplicity and the 
assumptions used.  However, the model was validated at these conditions using the CO 
and fuel decomposition information during the study by Agosta, thus, good agreement 
between the model and experiment was expected.  The model has shifted the start of the 
NTC region to lower temperatures by approximately 20 °C.  The initiation of the fuel 
decomposition was not well predicted by the model.  The experiments show a much more 
gradual increase in reactivity, while the model delays the initial reactivity followed by a 
rapid increase to the maximum value.  However, the results illustrate the ability of 
properly “lumped” models to predict the complex oxidation process of large 
hydrocarbons.   
 
 
 
 143
0
100
200
300
400
500
600
600 650 700 750 800
Temperature (K)
M
ol
ar
 F
ra
ct
io
n 
(p
pm
)
0
2
4
6
8
10
12
Te
m
pe
ra
tu
re
 R
is
e 
(C
)
n-Dodecane n-Dodecane (M) Heat Release
0
200
400
600
800
1000
1200
1400
600 650 700 750 800
Temperature (K)
M
ol
ar
 F
ra
ct
io
n 
(p
pm
)
Carbon Monoxide Carbon Dioxide
Carbon Monoxide (M) Carbon Dioxide (M)
Figure 52: Concentration profiles for CO, CO2, and n-dodecane and temperature rise during the n-
dodecane CCD experiment at 120 ms. 
 
 
 
Aldehydes and alkenes represented the two classes of hydrocarbons where the 
majority of the intermediate species could be identified.  No cyclic ethers, aldehydes, or 
ketones retaining the original fuel structure could be identified.  Rapid and efficient 
decomposition to lower molecular weight species occurs.  However, this conclusion is 
questionable as a significant fraction of the available carbon atoms have not been 
accounted for.  The major lower molecular weight alkenes identified were ethene, 
propene, and 1-hexene, Figure 53.  The model generally overpredicts their formation by a 
factor of 2 or 3 due to overpredicting the fuel decomposition.  The predictions are 
significantly better at the higher temperatures due to the closer fuel predictions.  The 
formation of 1-heptene was overpredicted by over an order of magnitude due to the 
assumed decomposition products of the dodecyl radical.  Many of the alkene 
intermediates increased in concentration at the start of the NTC region.  The significance 
of these observations and others will be discussed in a subsequent section. 
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Figure 53: Concentration profiles of the major lower molecular weight alkene intermediates and 
methane during the n-dodecane CCD experiment at 120 ms. 
 
 
 
The formation of the major higher molecular weight alkenes and the only positively 
identified ketone are illustrated in Figure 54.  The specific isomers of dodecene (C12H24) 
could not be positively identified; therefore, the isomers were lumped together and 
plotted accordingly.  Significant scatter was also observed in their quantification as they 
eluted close to the n-dodecane peak creating difficulties in quantifying select isomers.  
However, no model predictions were available for the larger molecular weight alkenes as 
they are not included in the mechanism. 
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Figure 54: Concentration profiles of the major high molecular weight alkene intermediates and  
3-buten-2-one during the n-dodecane CCD experiment at 120 ms. 
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The major aldehydes identified during the oxidation were acetaldehyde, propanal and 
butanal, Figure 55.  Formaldehyde was also a major intermediate but was not quantified 
during this experimental investigation.  The model predictions overestimate the formation 
of acetaldehyde, propanal, and 2-propenal by approximately a factor of 2.5.  However, 
the high sample storage temperatures needed to limit condensation of the parent fuel has 
likely produced reactions of the aldehydes. 
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Figure 55: Concentration profiles of the major aldehyde intermediates during the n-dodecane CCD 
experiment at 120 ms. 
 
 
 
As noted previously, no cyclic ethers retaining the size, C12, of the original fuel 
molecule could be positively identified.  For n-heptane and other alkanes, there are 
typically one or two cyclic ethers formed in substantial concentrations that retain the 
original fuel structure.  For n-heptane, these ethers accounted for over 15% of the 
available carbons atoms (Lenhert, 2004).  However, no mass spectral information or 
calibration standards are available for these ethers thereby making it extremely difficult 
to identify or quantify such compounds.  Regardless, the ethers that may have been 
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formed might not remain in the gas-phase during the sampling and storage process, 
making conclusions as to their relative importance inappropriate.   
 
5.4 CIT Experimental Results 
The CIT experiment was conducted over a significant range of the axial length of the 
flow reactor, specifically 4 to 30 centimeters.  Fourteen gas-phase samples were extracted 
over this range to identify and quantify the major intermediate species.  The temperature 
of each of the samples is reported in Figure 56.  A constant temperature profile was 
assumed at the average temperature of the samples from which the residence time 
distribution of the samples was determined.  For the n-dodecane CIT, the residence times 
ranged from 40 to 150 ms assuming an average temperature of 683 K. 
 
 
 
670
672
674
676
678
680
682
684
686
688
690
0 5 10 15 20 25 30 35
Distance (cm)
Te
m
pe
ra
tu
re
 (K
)
Temperature(K) Offline Sample Analysis  
Figure 56: Axial temperature profile and sample locations during the n-dodecane CIT experiment. 
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As with the CCD experiment, n-dodecane exhibited significant reaction with 90% of 
the fuel disappearing at the midpoint, Figure 57.  The identified intermediates account for 
approximately 45% of the available carbon atoms.   
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Figure 57: Carbon balance and fuel conversion calculations during the n-dodecane CIT experiment. 
 
 
 
As in the CCD experiments, the model overpredicts the fuel decomposition and CO 
formation, Figure 58.  CO2 formation was also significantly higher than model 
predictions.  Despite the relatively coarse resolution of the CO2 analyzer, 50 ppm, the 
observed concentrations are significantly higher than previously observed for other 
hydrocarbon species.  The analyzer was calibrated with pure nitrogen to provide an 
absolute measurement of CO2, therefore, any minor leak can entrain CO2 into the 
analyzer and bias any measurement.  Measurements made after the fuel calibration and 
prior to reaction showed a concentration of 250 ppm of CO2, indicating that some 
entrainment was occurring.  However, during the CCD experiments, no offset was 
observed but CO2 formation was still significantly higher than model predictions.  This 
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suggested that n-dodecane produced significantly more CO2 than other hydrocarbons and 
that the model underestimates its formation. 
One complication with flow reactor data is a poorly defined zero time.  The problem 
arises due to both a physical mixing distance as the fuel and oxidizer streams enter at 
different points and a thermal mixing distance as the fuel and oxidizer streams enter at 
two different temperatures.  Typically, model predictions of flow reactor data are shifted 
to match a particular species concentration at 50% formation.  It is not unusual for a time 
shift in excess of 50 ms to be used, however, for the model simulations in this study, no 
time shift was applied.  If a time shift was applied to the model predictions for CO 
formation, the results suggest that a shift of approximately 40 ms would be required. 
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Figure 58: Concentration profiles for CO, CO2, and n-dodecane and temperature profile during the 
n-dodecane CIT experiment at 683 K. 
 
 
 
As with the CCD experiments, the model significantly overpredicts the formation of 
the lower molecular weight alkenes, Figure 59.  However, the model does a reasonable 
job predicting the order and relative proportions of ethene, propene, 1-butene, and 1-
pentene.  The concentration of both 1-pentene and 1-heptene reached a maximum 
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concentration at early residence times and slowly decreased constant concentrations.  
While this behavior was captured in the model, the model predictions exhibited a more 
pronounced decrease, or relaxation, in concentration from the maximum.   
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Figure 59: Concentration profiles of the major lower molecular weight alkene intermediates and 
methane during the n-dodecane CIT experiment at 683 K. 
 
 
 
Figure 60 illustrates the formation of the large alkenes and the only ketone positively 
identified during the CIT experiment.  All of the larger alkenes exhibited minor 
relaxation to the steady state condition.  The formation of 3-buten-2-one closely followed 
the CO production trend, which steadily increased to a maximum.  The major aldehyde 
species are shown in Figure 61.  Again, the model significantly overpredicts the 
formation of acetaldehyde by a factor of 4 and 2-propenal by a factor of 3. 
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Figure 60: Concentration profiles of the major high molecular weight alkene intermediates and 
3-buten-2-one during the n-dodecane CIT experiment at 683 K. 
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Figure 61: Concentration profiles of the major aldehyde intermediates during the n-dodecane CIT 
experiment at 683 K. 
 
 
 
 
5.5 Discussion of Results and Governing Chemistry 
The oxidation of n-dodecane in the low and intermediate temperature regime can 
produce a broad array of hydrocarbon species.  Chromatographic analysis showed over 
75 peaks during the analysis of n-dodecane samples, however, only a small number of 
peaks could be positively identified.  Although the identified species only account for 
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approximately half of the available carbon atoms, significant insight into the oxidation 
mechanism for n-dodecane can be achieved, as this is one of the first ‘detailed’ studies at 
these conditions.  During the oxidation, when n-dodecane fragmented to C1 to C11 
hydrocarbons, it preferentially fragmented into significantly smaller hydrocarbons.  In 
other words, most of the oxidation fragments (both alkenes and aldehydes) were in the C1 
to C6 range, not the C7 to C11 range.  Consequently, the major intermediates identified 
and quantified during the oxidation of n-dodecane were acetaldehyde, ethane, 1-hexene, 
propanal; and 1-propene, respectively.  Formaldehyde was also a significant intermediate 
species, but was not quantified during the study.  However, not all of the fuel fragmented 
to significantly smaller intermediates, as shown by the significant concentrations of 
dodecene isomers.  Furthermore, the research by Blin-Simiand et al. (2001) has suggested 
that large alkanes, such as n-dodecane, easily isomerizes and may form C12 species with 
one or more carbonyl groups.  As these species would have very high boiling points, it is 
likely that they would condense during the sampling or storage processes.  Although 
speculative in nature, this may account for the minor residue observed in the sampling 
lines after the n-dodecane experiments and part of the discrepancy in the closure of the 
carbon balance.  Therefore, for simplification of n-dodecane mechanisms, a first 
approximation should include significant fragmentation to C6 and smaller alkenes and 
aldehydes, but also include the retention of C12 fuel structure in alkenes and oxygenates. 
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Figure 62: Structure and H-abstraction sites of n-dodecane. 
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As noted previously, the oxidation of alkanes larger than C3 can be described by a 
generalized oxidation scheme.  For n-dodecane, the oxidation process is initiated by the 
abstraction of one of the twenty-six available hydrogen atoms.  If the hydrogens were 
grouped together such that all hydrogens of that designation generate the same 
decomposition species, then n-dodecane has six possible abstraction locations, “a” 
through “f”, Figure 62.  The preferred abstraction location depends on the C-H bond 
strengths.  Linear alkanes only have primary and secondary hydrogen bond types and, 
since secondary type hydrogen bonds are weaker, the abstraction of one of the secondary 
bond types should occur first.  For n-dodecane this means that a “b”, “c”, “d”, “e”, or “f” 
hydrogen should be abstracted first.  Examination of the species produced during the 
oxidation suggests that “b” and “c” hydrogen are the first abstracted.  Following the 
pathways for these two radicals can elucidate the important decomposition pathways for 
n-dodecane.  The decomposition of the 2512 HCb &  and 2512 HCc &  radicals can occur through 
oxygen addition to form an alkylperoxy radical or they can sever via β-scission to form a 
lower molecular weight alkene and an alkyl radical.  The isomerization of the 
alkylperoxy radical will lead to several chain branching pathways.  If the isomerization of 
the OOHbC &2512 radical occurs by internal abstraction of a “d” hydrogen to form 
dOOHHbC −2512 , then previous studies have suggested that the preferred decomposition 
pathway is through the formation of a lower molecular weight alkene and an aldehyde, 
(Aka18) (Ciajolo and D'Anna, 1998; Curran et al., 1998).  However, the concentrations 
of the associated aldehydes and alkenes are not in the 1:1 ratios predicted by the 
mechanism, suggesting that the internal isomerization of the dodecylperoxy radical 
occurs more than two hydrogen atoms away from the radical site.  The only exception to 
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this appears to be the decomposition of fOOHHeC −2512 to form hexenal and 1-heptene.  
Therefore, the branching pathway involving the decomposition of the 
dihydroperoxydodecyl radical ( OxOOOHHxC &−2412 ) must be considered as the 
principle source of propanal and acetaldehyde.  The primary path for the formation of 
acetaldehyde occurs from the decomposition of bOOHOOHHCb −2312&  and 
bOOHOOHHCc −2312& and propanal occurs from the decomposition of 
bOOHOOHHCc −2312&  and cOOHOOHHCc −2312& . 
As noted, there are two principle pathways available for the production of the lower 
molecular weight alkenes, namely β-scission of the dodecyl radical and decomposition of 
the OOHHCx 2412& radical.  However, the decomposition of the OOHHCx 2412& radicals can 
not account for the large concentration of ethene and propene.  It is possible that β-
scission of 2512 HCb &  is responsible for the large concentration of propene, however, it is 
unlikely that β-scission of the 2512 HCa &  radical is responsible for the large concentration 
of ethene.  Furthermore, the rate of formation of most of the alkenes increased slightly as 
the temperature increased beyond the start of the NTC region, the most notable exception 
being ethene.  Research with n-heptane had suggested that the increase was due to the 
backward shift of the addition of O2 to heptyl ( 157 HC& ) and heptylhydroperoxy 
( OOHHC 147& ) radicals (Ciajolo and D'Anna, 1998).  As the equilibrium shifts back at the 
start of the NTC region, a larger fraction of 157 HC&  and OOHHC 147&  radicals are 
available to undergo alternative reactions.  Appling this to n-dodecane, suggests that the 
principle route for the formation of ethene is not directly from n-dodecane, but from 
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secondary reactions with the intermediates of n-dodecane as the rate of formation does 
not increase at the start of the NTC region.   
As shown during the CCD and CIT experiments, the model does a reasonable job 
describing the decomposition of the fuel and the formation of CO.  However, the model 
significantly overpredicts the formation of the smaller alkenes and aldehydes.  Currently, 
the mechanism assumes that the dodecane decomposes into a variety of C1, C2, C4, C5, 
C7, and C10 radicals and stable species.  The experimental results suggest several changes 
to the mechanism that could improve its accuracy.  First, the experimental results suggest 
that a C6 radical species should replace the current C7 radicals, due to the significantly 
larger formation of 1-hexene over 1-heptene.  Secondly, the mechanism assumes that no 
conjugate alkenes of n-dodecane are formed, which was not the case with the 
experimental data.  Although the experimental results are inconclusive, the very low 
carbon balance suggests that C12 oxygenates are likely formed.  However, the mechanism 
does not include pathways for their formation.  Nevertheless, the model is a noteworthy 
first step at developing mechanisms for higher molecular weight hydrocarbons. 
 
5.6 Closure 
The oxidation of n-dodecane was examined in the low and intermediate temperature 
regime at elevated pressures (8 atm) under dilute and lean conditions.  These experiments 
represent one of the first ‘detailed’ studies at elevated pressures.  Detailed speciation 
measurements were made during both CCD and CIT experiments to identify the major 
intermediate species and the pathways governing n-dodecane oxidation.  Both 
experiments were compared to a current lumped model by Ranzi and Faravelli (Agosta et 
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al., 2004).  The lumped mechanism included 7400 reactions among 276 species.  Model 
predictions and experimental data were generally in agreement, given the significant 
simplifications made during the development of the model.  From these experiments 
several major conclusions can be made, including; 
(1) When n-dodecane fragmented, it favored the fragmentation to C6 and smaller 
hydrocarbons, producing significant concentrations of acetaldehyde, ethane, 1-
hexene, propanal, and 1-propene, but not all of the n-dodecane fragments, as 
significant concentrations of dodecene isomers were also measured.  However, a 
significant fraction of the intermediates was not quantified, resulting in the lack of 
closure in the carbon balance.  Based upon previous research, part of this error 
may be the result of the formation of C12 intermediates containing one or more 
carbonyl groups, which may not have been accurately sampled and stored prior to 
analysis.  However, the results are a significant first step to identify the major 
intermediates at these conditions. 
(2) Examination of the intermediate oxidation species suggested that the secondary 
hydrogen bonds were the first to be broken and that the “b” and “c” hydrogens 
were the first to be abstracted.  Following the pathways for these two radials 
suggested that the internal isomerization occurs by abstraction of a hydrogen from 
the opposite end of the alkyl chain.   
(3) Mechanistic analyses suggested that the major pathway for the formation of the 
aldehydes was through the branching pathway involving the decomposition of the 
dihydroperoxydodecyl radical ( OxOOOHHxC &−2412 ).  The major pathway for 
the formation of the alkenes was likely through β-scission of the dodecyl radicals. 
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6. Results of n-Dodecane/iso-Cetane Oxidation 
 
This chapter describes the experimental results for the oxidation of the binary mixture 
of 40% n-dodecane and 60% 2,2,4,4,6,8,8-heptamethyl-nonane (iso-cetane), by volume, 
in the pressurized flow reactor facility.  The first section describes the experimental 
conditions and procedures unique to these experiments.  Sections 6.2 and 6.3 present the 
results of the CCD and CIT experiments.  Section 6.4 discuses the results and governing 
chemistry of the binary mixture and Section 6.5 provides closure for this chapter. 
 
6.1 Experimental Conditions 
Both CCD and CIT experiments were conducted for the binary mixture.  The binary 
mixture was a volumetric blending of 40% n-dodecane and 60% 2,2,4,4,6,8,8-
heptamethyl-nonane (iso-cetane) and had a cetane index of 44.2, assuming a linear 
blending model.  The fuel flow rates determined by Agosta were used during both 
experiments.  After the stabilization of the fuel flow rate and prior to the switch from the 
nitrogen makeup to oxygen reaction gases, a sample was extracted to confirm the fuel 
calibration point with the GC/MS for both the CCD and CIT experiments.  At the desired 
experimental conditions, the associated fuel concentration was 868 ppm.  Analysis of the 
fuel calibration sample by the GC/MS indicated a fuel concentration of 848 ppm for the 
CCD experiment and 1019 ppm for the CIT experiment.  Given the relatively large 
calibration errors, the difference between the two experiments was relatively small.  The 
experimental conditions for the experiments are specified in Table 20. 
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Table 20: Experimental conditions for the n-dodecane/iso-cetane mixture. 
Pressure 
(atm) 
Equivalence 
Ratio 
Residence Time
(ms) 
Dilution 
(%) 
Fuel 
(ppm) 
8.0 ± 0.25 0.30 175 ± 16 70.0 868 
     
Fuel 
(ml/min) 
Fuel 
(mol/mol-total) 
Nitrogen 
(mol/mol-total) 
Oxygen 
(mol/mol-total) 
Velocity @ 800 K 
(cm/sec) 
1.00 0.00087 0.93616 0.06297 188.2 
 
 
 
 
6.2 CCD Experimental Results 
The CCD experiment was conducted over the temperature range of 600 to 795 K and 
a strong negative temperature coefficient (NTC) behavior was observed, Figure 63.  The 
start of the NTC region was observed at 690 K.  Compared to the neat n-dodecane 
experiments, the start of the NTC region for the binary mixture was shifted 5 °C lower.  
A similar shift to lower temperatures has also been observed for the mixture of n-heptane 
and iso-octane.  Correlating to the iso-octane behavior would suggest that the start of the 
NTC region for neat iso-cetane would occur at a temperature lower than 690 K.   
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Figure 63: CO and CO2 measurements during the n-dodecane/iso-cetane CCD at 175 ms and sample 
extraction locations. 
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Figure 64: Typical GC chromatogram during the oxidation of the n-dodecane/iso-cetane mixture. 
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Identification and quantification of the intermediate combustion species was 
completed for 14 temperatures throughout the low and intermediate temperature regime.  
The mixture of n-dodecane and iso-cetane produced a large number of intermediate 
species throughout the temperature range, as a result, chromatographic analysis showed 
over 180 peaks during its oxidation, Figure 64.  The two fuel components exhibited 
differing degrees of fuel decomposition.  The relative extent of decomposition can be 
related to the individual components’ cetane index.  n-Dodecane with a cetane index of 
88 had a higher rate of decomposition, while iso-cetane with a cetane index of 15 had a 
significantly lower rate of decomposition.  Most of the n-dodecane decomposed to 
intermediate species, approximately 90% at the start of the NTC region, which was 
slightly less than observed during the neat n-dodecane study.  Significantly less iso-
cetane decomposed to intermediates, ~65% at the start of the NTC region.  The previous 
study by Agosta also measured a 20% difference in fuel decomposition rates of n-
dodecane and iso-cetane at the start of the NTC region, 75% and 55%, respectively, 
however, these measurements were made at a slightly shorter residence time, 120 ms, 
(Agosta, 2002).  The radicals generated by the more reactive n-dodecane would likely 
initiate the decomposition of the iso-cetane molecule.  The only slight decrease in the 
extent of n-dodecane decomposition implied either that the decomposition of iso-cetane 
was not a strong radical sink or that the decomposition of n-dodecane was not strongly 
dependent on radical concentrations.  The percentage of fuel conversion for the two fuels 
is illustrated in Figure 65. 
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Figure 65: Carbon balance and fuel conversion calculations during the n-dodecane/iso-cetane CCD 
at 175 ms. 
 
 
 
A carbon balance was performed on the quantified results to identify the 
“completeness” of the quantification and sampling.  Applying the carbon balance to only 
the positively identified compounds and compounds with known molecular weight 
resulted in a carbon balance ranging from 80% to 145 %.  An increase of 100 ppm of fuel 
during the transition between the “makeup” nitrogen and the oxygen accounts for an 11% 
change in the number of available carbon atoms at these experimental conditions.  For 
these larger hydrocarbons, an improved method for the transition between the “makeup” 
nitrogen and the oxygen must be developed. 
Figure 66 plots the fuel destruction, the formation of CO and CO2, the extrapolated 
temperature rise from the inlet to the sample location, and associated model predictions 
over the temperature range of the experiment.  The model again exhibits the rapid 
initiation and increase of reactivity near 630 K.  Fuel decomposition rates were also 
overpredicted, most notably for iso-cetane by a factor of two.  Maximum CO formation 
was reasonably well predicted, however, the peak was shifted 25 °C lower. 
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Figure 66: Concentration profiles for CO, CO2, n-dodecane, and iso-cetane and the temperature rise 
during the n-dodecane/iso-cetane CCD experiment at 175 ms. 
 
 
 
Again, aldehydes and alkenes were the two classes of intermediate hydrocarbon 
species that could be identified.  As with n-dodecane, no cyclic ethers, aldehydes, 
ketones, or alkenes retaining the original C16 fuel structure could be identified.  The 
decomposition of iso-cetane appears to favor decomposition to a select number of lower 
molecular weight species.  The major lower molecular weight alkenes identified 
specifically from iso-cetane decomposition were 2-methyl-1-propene (iso-butene) and 
2,4,4-trimethyl-1-pentene.  The quantifications and model predictions for iso-butene and 
1-butene were shown together as the two peaks coeluted during the GC method.  The 
model significantly overpredicts the formation of most of the alkenes by a factor of 3 or 
4.   
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Figure 67: Concentration profiles of the major lower molecular weight alkene intermediates and 
methane during the n-dodecane/iso-cetane CCD experiment at 175 ms. 
 
 
 
The formation of the major higher molecular weight alkenes are illustrated in Figure 
68.  The specific isomers of tetramethyl-heptene (C11H22) and hexamethyl-nonene 
(C15H30) could not be positively identified, therefore, the isomers were lumped together 
and plotted accordingly.  The concentrations of the trimethyl-pentenes were only 
overpredicted by a factor of 2 and appears to be a reasonable choice for the assumed 
decomposition products of the iso-cetyl radical.   
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Figure 68: Concentration profiles of the major high molecular weight alkene intermediates during 
the n-dodecane/iso-cetane CCD experiment at 175 ms. 
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The major aldehydes identified were acetaldehyde and 2-methyl-2-propenal, Figure 
55.  As with neat n-dodecane, formaldehyde was a major intermediate species but was 
not quantified.  The model predictions overestimated the formation of acetaldehyde, 
propanal, and 2-propenal by approximately a factor of 4.  The formation of 2-methyl-2-
propenal was very well predicted.  Many of the model predictions would significantly 
improve if the fuel decomposition rates predicted by the model were closer to the 
experimental results. 
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Figure 69: Concentration profiles of the major aldehyde intermediates during the 
n-dodecane/iso-cetane CCD experiment at 175 ms. 
 
 
 
The high molecular weight aldehydes and major ketone species are shown in Figure 
70.  2-Propanone (acetone) was the major ketone identified and was more abundant than 
predicted by the model.  As 2-propanone was used to clean the probe and transfer lines 
prior to each experiment, it is possible that some contamination of the samples occurred.  
However, the same cleaning and purging procedures were used for all of the experiments 
and none of the other experiments exhibited 2-propanone contamination.  Therefore, it is 
unlikely that contamination was the major source of 2-propanone.  No cyclic ethers 
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retaining the structure of the original fuel molecule could be positively identified.  The 
only ether tentatively identified was 2,2,4,4-tetramethyl-tetrahydrofuran, however, its 
identity was not certain and therefore it was not quantified. 
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Figure 70: Concentration profiles of the large molecular weight aldehyde and ketone intermediates 
during the n-dodecane/iso-cetane CCD experiment at 175 ms. 
 
 
 
 
6.3 CIT Experimental Results 
The CIT experiment was conducted over a significant range of the axial length of the 
flow reactor, specifically 4 to 30 centimeters.  Fourteen gas-phase samples were extracted 
over this range to identify and quantify the major intermediate species.  The temperature 
of each of the samples is reported in Figure 71.  To determine the residence time 
distribution of the samples, a constant temperature profile was assumed at the average 
temperature of the samples.  For the binary mixture of n-dodecane and iso-cetane, the 
residence times ranged from 65 to 220 ms assuming a temperature of 687 K. 
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Figure 71: Axial temperature profile and sample locations during the n-dodecane/iso-cetane CIT 
experiment. 
 
 
 
As during the CCD experiment, the two fuels decomposed at differing rates, Figure 
72.  85% of the n-dodecane and 55% of the iso-cetane decomposed to intermediates by 
the last sample.  The identified intermediates account for approximately 90% of the 
available carbon atoms.  As with the CCD experiments, the carbon balance exceeded 
100% at low conversion levels, however, the overshoot was significantly less for the CIT 
experiment. 
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Figure 72: Carbon balance and fuel conversion calculations during the n-dodecane/iso-cetane CIT 
experiment. 
 
 
 
As in the CCD experiments, the model overpredicted the fuel decomposition and CO 
formation, Figure 72.  The initial decomposition of both fuel components occurred at 
nearly the same rate, however, the model simply overpredicted the extent of the 
decomposition process for iso-cetane.  If a time shift was applied to account for the 
poorly defined zero time using 50% CO conversion, the results suggest that a shift of 
approximately 60 ms would be required.  This is slightly higher than observed for the 
neat n-dodecane experiments, however it is likely due to the slower rate of iso-cetane 
decomposition observed during the experiments.   
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Figure 73: Concentration profiles for CO, CO2, n-dodecane, and iso-cetane and temperature profile 
during the n-dodecane/iso-cetane CIT experiment at 687 K. 
 
 
 
As with the CCD experiments, the model significantly overpredicts the formation of 
the lower molecular weight alkenes, Figure 74.  The butenes (iso-butene and 1-butene) 
are overestimated by a factor of 2.5, while propene was significantly overestimated by a 
factor of 5.  On the positive side, methane formation was well predicted. 
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Figure 74: Concentration profiles of the major lower molecular weight alkene intermediates and 
methane during the n-dodecane/iso-cetane CCD experiment at 687 K. 
 
 
 
Figure 75 illustrates the formation of the larger molecular weight alkenes.  All of the 
larger alkenes reached a maximum concentration at early residence times and slowly 
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decreased constant concentrations.  As with the neat n-dodecane model predictions, the 
model exhibited a more pronounced decrease, or relaxation, in concentration from the 
maximum.  All of the larger alkenes exhibited minor relaxation to the steady state 
condition.  The formation of the dodecene isomers appears to occur at a higher relative 
fraction than observed during the neat dodecane study.  However, the additional 
formation was an artifact of being able to quantify one of the isomers that nearly coeluted 
with the n-dodecane peak. 
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Figure 75: Concentration profiles of the major higher molecular weight alkene intermediates during 
the n-dodecane/iso-cetane CCD experiment at 687 K. 
 
 
 
The major oxygenated intermediates are plotted in Figure 76.  As observed in the 
CCD experiments, the formation of most of the lighter aldehydes was significantly 
overpredicted.  Acetaldehyde had the most significant overprediction at a factor of 4.  2-
Propanone (acetone) was again more abundant than predicted by the model.   
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Figure 76: Concentration profiles of the major oxygenate intermediates during the 
n-dodecane/iso-cetane CIT experiment at 687 K. 
 
 
 
 
6.4 Discussion of Results and Governing Chemistry 
The oxidation of the binary mixture of n-dodecane and iso-cetane in the low and 
intermediate temperature regime produced an array of hydrocarbon species with over 180 
peaks detected during the chromatographic analysis.  The identification and 
quantification only accounted for a small fraction of the total peaks, but accounted for a 
significant fraction of the total carbon atoms.  The detailed speciation was not as 
complete as possible with a mixture of the two gasoline knock reference fuels, n-heptane 
and iso-octane.  However, as very little is known about the oxidation of these two diesel 
reference fuels, significant insight into their oxidation mechanism can be achieved from 
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this first ‘detailed’ study of iso-cetane at these conditions.  As with n-dodecane, when 
iso-cetane fragmented, it primarily formed significantly smaller hydrocarbon fragments.  
The major intermediates identified and quantified that can be attributed to iso-cetane 
oxidation were 2-propanone, 2-methyl-1-propene, 2,2,4-trimethyl-pentenes (2,2,4-
trimethyl-1-pentene and 2,2,4-trimethyl-2-pentene), and 4,4-dimethyl-2-pentanone.  
Formaldehyde was also a significant intermediate species, but was not quantified during 
the study.  One significant observation that can be made from the n-dodecane and iso-
cetane oxidation was that when the respective fuels fragmented they preferentially 
fragment to smaller hydrocarbons, and most of the fragments are half the original size of 
the molecule or smaller.  However, it is unclear how much of the original structure of the 
iso-cetane fuel molecule remains intact in the form of oxygenates and conjugate alkenes 
as no C16 intermediates were identified and quantified.  As a result, it is difficult to 
conclusively suggest that fragmentation is primary mode of decomposition.  However, 
relating the iso-cetane results to that of neat n-dodecane would suggest that C16 
intermediates might be formed.  Therefore, a simplified iso-cetane mechanism should 
include significant fragmentation to C8 and smaller alkenes and aldehydes, plus a limited 
retention of the parent fuel structure in oxygenates and alkenes.   
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Figure 77: Structure and H-abstraction sites of iso-cetane. 
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For iso-cetane, the oxidation process is initiated by the abstraction of one of the 
thirty-four hydrogen atoms.  Grouping the hydrogens that generate the same 
decomposition species means that iso-cetane has eight possible abstraction locations, “a” 
through “h”.  Depending on the structure of a branched alkane, it may have primary, 
secondary, and tertiary hydrogen bond types.  As tertiary type bonds are weakest, they 
should be the first broken in abstraction reactions.  However, there is only one tertiary 
bonded hydrogen in iso-cetane.  As the primary hydrogen bond sites, such as “a” and “h”, 
have a 9:1 numerical advantage, it is likely that either “a” or “h” should be the preferred 
abstraction site despite the higher energy necessary for abstraction.  Examination of the 
species produced during the oxidation does suggest that the “a” and “h” hydrogen atoms 
are the preferred abstraction sites.  The decomposition of the 3316 HCa &  and 3316 HCh &  
radicals can occur through oxygen addition to form an alkylperoxy radical or can sever 
by β-scission to form a lower molecular weight alkene and an alkyl radical.  The 
isomerization of the alkylperoxy radical will lead to several chain branching pathways.  
However, due to the structure of iso-cetane, many of these pathways are not available to 
specific radicals.  For example, isomerization of the OOHaC &3316  radical by internal 
abstraction of the weak tertiary hydrogen to form a eOOHHCa −3216&  radical, does not 
permit the formation of a lower molecular weight alkene and aldehyde.  Therefore, the 
branching pathway involving the decomposition of the dihydroperoxyiso-cetyl radical 
( yOOHOOHHCx −3116& ) must be considered as the principle source of the aldehydes and 
ketones, namely 2,2-dimethyl-propanal, formaldehyde, and 4,4-dimethyl-2-pentanone.  
The principle path for the formation of 4,4-dimethyl-2-pentanone occurs from the 
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decomposition of eOOHOOHHCa −3116&  and propanal occurs from the decomposition of 
most of the radicals that abstract a “b” hydrogen, bOOHOOHHCx −3116& .  However, the 
formation of 2-propanone is not from the decomposition of the parent fuel molecule, but 
forms though subsequent decomposition of the smaller intermediates.  Nevertheless, 
aldehydes are not the primary species formed during the oxidation of iso-cetane.  The 
primary reason for the lower aldehyde formation, as compared to n-dodecane, is due to 
the reduced flexibility of branched alkanes limiting their ability to isomerize.   
As noted, there are two principle pathways available for the production of the lower 
molecular weight alkenes, namely β-scission of the iso-cetyl radical and decomposition 
of the OOHHCx 3216& radical.  Analogous to n-dodecane, the decomposition of the 
OOHHCx 3216& radicals can not solely account for the large formations of the trimethyl-
pentenes and 2-methyl-1-propene.  This suggests that β-scission of a 3316 HCb &  radical is 
responsible for the formation of 2,4,4-trimethy-2-pentene and both 3316 HCc &  and 3316HCe &  
are responsible for the formation of 2,4,4-trimethy-1-pentene.  The β-scission of the 
3316 HCa &  and 3316 HCh &  radicals are responsible for the large concentration of 2-methy-1-
propene, illustrating how a large number of primary hydrogen sites can be the preferred 
abstraction location despite higher bond energies.   
 
6.5 Closure 
The oxidation of a binary mixture 40% n-dodecane and 60% 2,2,4,4,6,8,8-
heptamethyl-nonane (iso-cetane) was examined in the low and intermediate temperature 
regime at elevated pressures (8 atm) under dilute and lean conditions.  These experiments 
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represent one of the first ‘detailed’ studies at elevated pressures and temperatures.  
Detailed speciation measurements were made during both CCD and CIT experiments to 
identify the major intermediate species and the pathways governing iso-cetane oxidation.  
Both experiments were compared to a current lumped model that included 7400 reactions 
among 276 species.  Model predictions and experimental data were generally in 
acceptable agreement, given the significant simplifications made during the development 
of the model.  From these experiments several major conclusions can be made, including; 
(1) The results show that when iso-cetane fragmented, it primarily fragmented to C8 
and lower hydrocarbons, producing significant concentrations of 2-propanone, 2-
methyl-1-propene, 2,2,4-trimethyl-pentenes (2,2,4-trimethyl-1-pentene and 2,2,4-
trimethyl-2-pentene), 4,4-dimethyl-2-pentanone, and formaldehyde.  The 
combined results of the n-dodecane and iso-cetane studies suggest that when the 
fuels fragment, they preferentially fragment to smaller hydrocarbons, and most 
are half the original size of the molecule or smaller.  However, it is unclear how 
much of the original structure of the iso-cetane fuel molecule remains intact in the 
form of oxygenates and conjugate alkenes, as none were able to be identified and 
quantified.  
(2) Examination of the intermediate oxidation species suggested that the primary 
hydrogen bonds were the first hydrogen to be abstracted, specifically the “a” and 
“h” hydrogens.  The reduced relative importance of the aldehydes and ketones, as 
compared to the alkenes, illustrates the difficulty of branched alkanes to internally 
isomerize.   
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(3) Similar to n-dodecane, mechanistic analyses suggested that the major pathway for 
the formation of the aldehydes and ketones from iso-cetane was through the 
branching pathway involving the decomposition of the dihydroperoxydodecyl 
radical ( yOOHOOHHCx −3116& ).  The major pathway for the formation of the 
branched alkenes was likely through β-scission of the iso-cetyl radicals. 
 
 175
7. Results of n-Dodecane/Methylcyclohexane Oxidation 
 
This chapter describes the experimental results for the oxidation of the binary mixture 
of 37% n-dodecane and 63% methylcyclohexane, by volume, in the pressurized flow 
reactor facility.  The first section describes the experimental conditions and procedures 
unique to these experiments.  Sections 7.2 and 7.3 present the results of the CCD and CIT 
experiments.  Section 7.4 discuses the results and governing chemistry of the binary 
mixture and section 7.5 provides closure for this chapter. 
 
7.1 Experimental Conditions 
Both CCD and CIT experiments were conducted for the binary mixture.  The binary 
mixture was a volumetric blending of 37% n-dodecane and 63% methylcyclohexane and 
had a cetane index of 45.1 assuming a linear blending model.  The fuel flow rates 
determined by Agosta were used during both experiment types.  After the establishment 
of the fuel flow rate and prior to the switch from the nitrogen makeup to oxygen, a fuel 
calibration sample was extracted to confirm the fuel calibration point with the GC/MS for 
both the CCD and CIT experiments.  The desired fuel concentration at these experimental 
conditions was 1008 ppm.  Analysis of the fuel calibration sample by the GC/MS 
indicated a fuel concentration of 1302 ppm for the CCD experiment and 1467 ppm for 
the CIT experiment.  The experimental conditions for the study are specified in Table 21.   
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Table 21: Experimental conditions for the n-dodecane/methylcyclohexane mixture. 
Pressure 
(atm) 
Equivalence 
Ratio 
Residence Time 
(ms) 
Dilution 
(%) 
Fuel 
(ppm) 
8.0 ± 0.25 0.3 120± 9 80.0 1008 
     
Fuel 
(ml/min) 
Fuel 
(mol/mol-total) 
Nitrogen 
(mol/mol-total) 
Oxygen 
(mol/mol-total) 
Velocity @ 800 K 
(cm/sec) 
1.05 0.00101 0.95702 0.04197 282.3 
 
 
 
 
7.2 CCD Experimental Results 
The CCD experiment was conducted over the temperature range of 600 to 800 K and 
a strong negative temperature coefficient (NTC) behavior was observed, Figure 78.  The 
start of the NTC region was observed at 695 K.  Compared to the other fuels, the 
reactivity map was significantly narrower. 
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Figure 78: CO and CO2 measurements during the n-dodecane/methylcyclohexane CCD at 120 ms 
and sample extraction locations. 
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Figure 79: Typical GC chromatogram during the oxidation of the n-dodecane/methylcyclohexane 
mixture. 
 
 
 
Identification and quantification of the intermediate combustion species was 
completed for 14 temperatures throughout the low and intermediate temperature regime.  
The mixture of n-dodecane and methylcyclohexane produced a large number of 
intermediate species throughout the temperature range, as a result, chromatographic 
analysis showed over 120 peaks during its oxidation, Figure 79.  The two fuel 
components exhibited only slightly different fuel decomposition rates, approximately 5%.  
The rate of decomposition was significantly closer despite methylcyclohexane having 
nearly the same cetane index as iso-cetane, 20 and 15, respectively.  Most of the n-
dodecane decomposed to intermediates, approximately 85% at the start of the NTC 
region, which was considerably less than observed during the neat n-dodecane study.  
Most of the methylcyclohexane also decomposed to intermediates, ~80% at the start of 
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the NTC region.  A carbon balance was performed on the quantified results to identify the 
“completeness” of the quantification and sampling.  Applying the carbon balance to only 
the positively identified compounds and compounds with known molecular weight 
resulted in a carbon balance of ranging from 70% to 130 %.  The results of the carbon 
balance and the percentage of fuel conversion are illustrated in Figure 80. 
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Figure 80: Carbon balance and fuel conversion calculations during the 
n-dodecane/methylcyclohexane CCD at 120 ms. 
 
 
 
Figure 81 plots the fuel decomposition, the formation of CO and CO2, the 
extrapolated temperature rise from the inlet to the sample location, and associated model 
predictions over the temperature range of the experiment.  The model significantly 
underpredicts the decomposition of both fuel components, resulting in the 
underprediction of CO and CO2 formation.  As with the other binary mixtures, the peak 
of maximum CO formation was shifted 25 °C lower and exhibited the rapid rise to the 
maximum reactivity. 
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Figure 81: Concentration profiles for CO, CO2, n-dodecane, and methylcyclohexane and the 
temperature rise during the n-dodecane/methylcyclohexane CCD experiment at 120 ms. 
 
 
 
The intermediates identified in the oxidation of methylcyclohexane represented 
cycloalkenes, aromatics, and oxygenate species that may be either aldehydes or ethers.  
Unlike neat n-dodecane or n-dodecane and iso-cetane mixture, a significant number of 
the intermediates retained the original fuel structure.  The decomposition of the 
methylcyclohexane appears to favor retaining the ring structure, instead of ring scission 
and fragmentation.  The major alkenes identified specifically from methylcyclohexane 
were the three methyl-1-cyclohexene isomers and toluene, Figure 82.  Interestingly, 
methylcyclohexane follows a path of dehydrogenation of the ring instead of removal of 
the methyl group and subsequent dehydrogenation.  The model improperly assumes that 
methylcyclohexane prefers to rupture the ring and fragment to smaller intermediates, 
consequently, there are no model predictions for the methyl-cycloalkenes.  Despite 
underpredicting the oxidation of n-dodecane, the formation of ethene, propene, and the 
other linear alkenes were significantly overpredicted.   
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Figure 82: Concentration profiles of the major alkene intermediates and methane during the 
n-dodecane/methylcyclohexane CCD experiment at 120 ms. 
 
 
 
The major aldehydes identified from the oxidation of n-dodecane were acetaldehyde 
and 2-propenal, Figure 83.  Formaldehyde was also a major intermediate but was not 
quantified.  The model predictions overestimate the formation of acetaldehyde and 2-
propenal by a factor of 2, as the model significantly underpredicted n-dodecane 
decomposition. 
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Figure 83: Concentration profiles of the major aldehyde intermediates during the 
n-dodecane/methylcyclohexane CCD experiment at 120 ms. 
 
 
 
The oxygenates attributed to the oxidation of methylcyclohexane plus 3-buten-2one 
are plotted in Figure 84.  The C7H12O compounds may be ketones or ethers depending if 
the oxygen bridges to carbon atoms in the ring, but the exact identity of the compounds 
are not known.  The C7H10O oxygenates are likely similar to the C7H12O and may be 
ketones or ethers, except they were formed from oxygen addition to the methyl-1-
cyclohexene isomers.  The 690 K sample likely contained some contamination that 
resulted in the catalytic decomposition of some of the larger oxygenates to acetaldehyde. 
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Figure 84: Concentration profiles of the methylcyclohexane oxygenates and 3-buten-2-one during the 
n-dodecane/methylcyclohexane CCD experiment at 120 ms. 
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7.3 CIT Experimental Results 
The CIT experiment was conducted over a significant range of the axial length of the 
flow reactor, specifically 4 to 30 centimeters.  Fourteen gas-phase samples were extracted 
over this range to identify and quantify the major intermediate species.  The temperature 
of each of the samples is reported in Figure 85.  To determine the residence time 
distribution of the samples, a constant temperature profile was assumed at the average 
temperature of the samples.  For the binary mixture of n-dodecane and 
methylcyclohexane, the residence times ranged from 40 to 150 ms assuming a 
temperature of 668 K. 
 
 
 
660
662
664
666
668
670
672
674
676
678
680
0 5 10 15 20 25 30 35
Distance (cm)
Te
m
pe
ra
tu
re
 (K
)
Temperature(K) Samples  
Figure 85: Axial temperature profile and sample locations during the n-dodecane/methylcyclohexane 
CIT experiment. 
 
 
 
As during the CCD experiment, the two fuels decomposed at differing rates, Figure 
86.  However, the difference between the rates of decomposition was significantly larger 
than observed during the CCD experiments.  For the CIT experiment, 90% of the n-
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dodecane and 80% of the methylcyclohexane decomposed to intermediates by the last 
sample point.  The identified intermediates account for approximately 70% of the 
available carbon atoms at the highest residence times.  As with the CCD experiments, the 
carbon balance exceeded 100% at low conversion levels, however, the overshoot was 
significantly less. 
 
 
 
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
0 5 10 15 20 25 30 35
Position (cm)
Fu
el
 C
on
ve
rs
io
n 
(%
)
0%
20%
40%
60%
80%
100%
120%
C
ar
bo
n 
B
al
an
ce
 (%
)
Fuel Conversion - n-Dodecane Fuel Conversion - methylcycloHexane
Fuel Conversion - Overall Carbon Balance  
Figure 86: Carbon balance and fuel conversion calculations during the 
n-dodecane/methylcyclohexane CIT experiment. 
 
 
 
The fuel decomposition trend of methylcyclohexane exhibits some unique behaviors 
during the CIT experiment.  First, methylcyclohexane does not plateau to a constant 
concentration by the end of the reactor, unlike all of the other components in the study.  
Secondly, the start of the fuel decomposition was also delayed as compared to the other 
components.  Interestingly, the model predicts an even longer delay in the initiation of the 
fuel decomposition, therefore, applying the time correction based upon 50% CO 
conversion would require a shift of -35 ms.  As observed in the CCD experiments, the 
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model underpredicts the overall magnitude of fuel decomposition, Figure 87.  However, 
the general shapes of the fuel decomposition and CO formation profiles match the 
experimental results extremely well. 
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Figure 87: Concentration profiles for CO, CO2, n-dodecane, and methylcyclohexane and 
temperature profile during the n-dodecane/methylcyclohexane CIT experiment at 668 K. 
 
 
 
As with the CCD experiments and the neat n-dodecane experiments, the model 
significantly overpredicts the formation of the lower molecular weight alkenes formed 
from the n-dodecane mechanism, Figure 88.  As noted previously for methylcyclohexane, 
the model improperly assumes ring rupture and fragmention, as a result, there are no 
model predictions for the methyl-cycloalkenes.  However, the shape and magnitude of the 
model predictions for cyclohexene are very similar to the experimental results of the 
methyl-1-cyclohexenes. 
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Figure 88: Concentration profiles of the major alkene intermediates and methane during the 
n-dodecane/methylcyclohexane CIT experiment at 668 K. 
 
 
 
The concentration of the major aldehydes are graphed in Figure 89.  Both 
acetaldehyde and 2-propenal exhibited a much slower increase than the model predictions 
and were ‘only’ a factor of 2 greater than the experimental results.  This suggests that n-
dodecane oxidation was slowed considerably by the addition of methylcyclohexane.   
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Figure 89: Concentration profiles of the major aldehyde intermediates during the n-
dodecane/methylcyclohexane CIT experiment at 668 K. 
 
 
 
The oxygenates that can be attributed to the oxidation of methylcyclohexane, plus 3-
buten-2-one, are graphed in Figure 90.  Interestingly, the formation of the C7H12O and 
C7H10O compounds plateaued to a constant concentration at very short residence times.  
Since the fuel is still decomposing, it suggests that the C7H12O and C7H10O compounds 
are decomposing to other intermediates.  However, none of the other intermediates 
attributable to methylcyclohexane were increasing in concentration, suggesting that 
important intermediate compound(s) have yet to be identified and quantified.   
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Figure 90 Concentration profiles of the methylcyclohexane oxygenates and 3-buten-2-one during the 
n-dodecane/methylcyclohexane CIT experiment at 668 K. 
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7.4 Discussion of Results and Governing Chemistry 
The oxidation of the binary mixture of n-dodecane and methylcyclohexane in the low 
and intermediate temperature regime produced many different hydrocarbon species.  The 
identification and quantification only accounted for a small fraction of the total peaks 
observed in the chromatogram, but accounted for a significant fraction of the total carbon 
atoms.  Almost nothing is known about the oxidation of methylcyclohexane in the low 
and intermediate temperature regimes.  Therefore, significant insight into its oxidation 
mechanism can be achieved through this study.  Unlike n-dodecane and iso-cetane, 
methylcyclohexane retained its ringed structure and tended not to fragment to smaller 
hydrocarbons.  The major intermediates identified and quantified that can be attributed to 
methylcyclohexane oxidation were the methyl-1-cyclohexene isomers, and the C7H10O 
oxygenates.   
 
 
 
 
Figure 91: Structure and H-abstraction sites of methylcyclohexane. 
 
 
 
For methylcyclohexane, the oxidation process is initiated by the abstraction of one of 
the fourteen hydrogen atoms, Figure 91.  Grouping the hydrogens that generate the same 
decomposition species means that methylcyclohexane has five possible abstraction 
locations, “a” through “e”.  Methylcyclohexane has primary, secondary, and tertiary 
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hydrogen bond types, and the tertiary bonded hydrogen, “b”, should be the first 
abstracted.  During the discussion of the low temperature chemistry of 
methylcyclohexane, it was assumed that the first hydrogen abstracted was from the “a” 
site, while the experimental results suggest that this was not the preferred abstraction site.  
However, the preferred abstraction site, either “b”, “c”, “d”, or “e” could not be isolated, 
partly due to the difficulty identifying the three methyl-1-cyclohexene isomers.  
Furthermore, none of the three isomers was considerably more abundant than the others, 
suggesting that the “c”, “d”, and “e” sites are equally preferred.  Given that the 
assumption that the removal of the methyl side occurred prior to the ring reactions is not 
valid, a new low temperature mechanism must be formulated.    
 
 
 
MOCHHcyC ++ 23116  ⎯→← MOHCHHCcy ++ 23106 &&  (N1) 
HOCHHcyC &+3116  ⎯→← OHCHHCcy 23106 +&  (N2) 
23116 OHCHHcyC &+  ⎯→← 223106 OHCHHCcy +&  (N3) 
23106 OCHHCcy +&  ⎯→← 3106 )( CHOOHcyC &  (N4) 
3106 )( CHOOHcyC &  ⎯→← 396 )( CHOOHHCcy &  (N5) 
396 )( CHOOHHCcy &  ⎯→← HOCHOHcyC &+396 )(  (N6) 
396 )( CHOOHHCcy &  ⎯→← 2396 OHCHHcyC &+  (N7) 
HOCHHcyC &+396  ⎯→← OHCHHCcy 2386 +&  (N8) 
2396 OHCHHcyC &+  ⎯→← 22386 OHCHHCcy +&  (N9) 
2386 OCHHCcy +&  ⎯→← 386 )( CHOOHcyC &  (N10) 
386 )( CHOOHcyC &  ⎯→← 376 )( CHOOHHCcy &  (N11) 
376 )( CHOOHHCcy &  ⎯→← 376 )( CHOHcyC  (N12) 
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Following these pathways, the decomposition of the MCH molecule is initiated by the 
abstraction of a hydrogen from the ring by oxygen (N1).  However as n-dodecane is 
creating HO&  and 2OH & , N2 and N3 will likely be the mode of the initial decomposition.  
In a common pathway throughout the low temperature regime, molecular oxygen can add 
to the radical site followed by internal isomerization, N5 and N6.  Once isomerization has 
occurred, several pathways are available for the decomposition of the 
396 )( CHOOHHCcy &  radical.  The experimental results suggest that formation of the 
conjugate alkene is the preferred mode of decomposition of the 396 )( CHOOHHCcy &  
radical, N7.  Alternatively, the 396 )( CHOOHHCcy &  radical can decompose through the 
formation of ethers, such as those shown in Figure 92.   
 
 
 
   
Figure 92: Possible ethers formed during the oxidation of methylcyclohexane 
 
 
 
Once the conjugate alkenes are produced, it is hypothesized that they decompose 
though hydrogen abstraction of the allylic hydrogen, N8 and N9.  Once the allylic 
hydrogen is abstracted, subsequent oxygen addition and isomerization can occur.  The 
decomposition of the 376 )( CHOOHHCcy &  can occur through formation of an ether, N12, 
or by formation of a cyclodiene (not shown).  Iteration of this process with the cyclodiene 
will result in the formation of toluene, which was observed in significant concentrations.  
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These pathways account for most of the observed methylcyclohexane intermediates in the 
low and intermediate temperature regime. 
 
7.5 Closure 
The oxidation of a binary mixture 37% n-dodecane and 63% methylcyclohexane was 
examined in the low and intermediate temperature regime at elevated pressures (8 atm) 
under dilute and lean conditions.  These experiments represent one of the first ‘detailed’ 
studies at elevated pressures and temperatures.  Detailed speciation measurements were 
made during both CCD and CIT experiments to identify the intermediate species and the 
pathways governing its oxidation.  Both experiments were compared to a current lumped 
model that included 7400 reactions among 276 species.  Model predictions of the 
experimental data were extremely poor given that the model incorrectly assumed that 
methylcyclohexane prefers fragmentation, instead of dehydrogenation.  From these 
experiments several major conclusions can be made, including: 
(1) The results indicate that methylcyclohexane undergoes dehydrogenation not ring 
rupture in the low and intermediate temperature regime.  As a result, significant 
concentrations of the methyl-1-cyclohexene isomers and the C7H10O oxygenates 
are produced.  
(2) Examination of the intermediate oxidation species suggests that initial hydrogen 
ring abstractions occur on the ring, and not the methyl group.  However, it was 
not clear as to which of the ring hydrogens was the preferred abstraction site.   
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(3) The assumptions as to the preferential abstraction of the methyl groups hydrogens 
was invalid, therefore, a new mechanism for the low and intermediate 
temperature oxidation of methylcyclohexane has been suggested.   
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8. Results of n-Dodecane/1-Methylnaphthalene Oxidation 
 
This chapter describes the experimental results for the oxidation of the binary mixture 
of 51% n-dodecane and 49% 1-methylnaphthalene, by volume, in the pressurized flow 
reactor facility.  The first section describes the experimental conditions and procedures 
unique to these experiments.  Section 8.2 discuses the results and governing chemistry of 
the binary mixture and Section 8.3 provides closure for this chapter. 
 
8.1 Experimental Conditions 
Only the CCD experiment was conducted for the binary mixture due to complications 
arising from excessive soot production.  The binary mixture was a volumetric blending of 
51% n-dodecane and 49% 1-methylnaphthalene and had a cetane index of 44.9 assuming 
a linear blending model.  The fuel flow rates determined by Agosta were used during the 
CCD experiment.  After the establishment of the fuel flow rate and prior to the switch 
from the nitrogen makeup to oxygen, a fuel calibration sample was extracted to confirm 
the fuel calibration point with the GC/MS.  For the desired experimental conditions, the 
fuel concentration was 1220 ppm.  Analysis of the fuel calibration sample by the GC/MS 
indicated a fuel concentration of 1428 ppm for the CCD experiment.  The experimental 
conditions are specified in Table 22.   
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Table 22: Experimental conditions for the n-dodecane/1-methylnaphthalene mixture. 
Pressure 
(atm) Equivalence Ratio 
Residence Time 
(ms) 
Dilution 
(%) 
Fuel 
(ppm) 
8.0 ± 0.25 0.3 175 ± 26 70.0 1220 
     
Fuel 
(ml/min) 
Fuel 
(mol/mol-total) 
Nitrogen 
(mol/mol-total) 
Oxygen 
(mol/mol-total) 
Velocity @ 800 K 
(cm/sec) 
0.900 0.00122 0.93583 0.06295 187.0 
 
 
 
 
8.2 CCD Experimental Results 
The CCD experiment was conducted over the temperature range of 600 to 800 K and 
a strong negative temperature coefficient (NTC) behavior was observed, Figure 93.  The 
start of the NTC region was observed at 697 K.   
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Figure 93: CO and CO2 measurements during the n-dodecane/1-methylnaphthalene CCD at 175 ms 
and sample extraction locations. 
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However, during the course of the reactivity mapping experiment, excessive 
concentrations of soot were produced.  The soot, and likely large polycyclic aromatics, 
condensed in the sample probe resulting in restricted sample flow rates, which in turn 
affected the sample pressure in the sample storage cart and flow through the CO/CO2 
analyzer.  The reduced flow to the analyzer impacted the accuracy of the measurement, 
hence the unique shape to the reactivity map.  The sample pressure in the sample storage 
cart was sufficiently low as to prevent constant mass injections, making quantitative 
measurements impossible. 
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Figure 94: Gas stream temperatures at several locations along the length of the transfer lines. 
 
 
 
The influence on the restricted sample flow rates can be seen from the measurements 
of the sample flow temperature, Figure 94.  The sample point #1 thermocouple was 
located at the end of the sampling probe, and the thermocouple for sample point #2 was 
located after the sample storage cart.  Typically, the temperature histories would be 
nearly constant, however, the temperature starts to rise at approximately 1000 seconds 
 195
after the start of the experiment due to the reduced flow rates.  As the start of the NTC 
region occurs around 3000 seconds, the flow had already been significantly reduced 
calling into question the accuracy of the start of the NTC region.  
Identification of the intermediate combustion species that survived the sampling 
process was completed for several of the samples.  Several unique species not found 
during the oxidation of n-dodecane were identified, including, benzene, toluene, 
benzaldehyde, ethyl-benzene, acetophenone, indene, naphthalene, and 1-naphthaldehyde 
(1-naphthalenecarboxaldehyde).  The most abundant of these compounds were 
naphthalene, 1-naphthaldehyde, and benzaldehyde.  Also, there must be significant 
concentrations of aromatics with more than 3 rings produced at these conditions that are 
condensing during the sampling process. 
 
 
 
   
naphthalene 1-naphthaldehyde indene 
 
 
 
benzaldehyde acetophenone ethyl-benzene 
Figure 95: Structure of the species identified during 1-methylnaphthalene oxidation. 
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Interestingly, Agosta completed a similar experiment with a binary mixture n-
dodecane and 1-methylnaphthalene at slightly earlier residence times.  At the earlier 
residence times, a significant fraction, 25%, of the 1-methylnaphthalene reacted to form 
other species.  Coupling these results suggest that a significant fraction of this 25% must 
be attributed to ring growth and not decomposition.   
 
8.3 Closure 
The oxidation of a binary mixture of 51% n-dodecane and 49% 1-methylnaphthalene 
was examined in the low and intermediate temperature regime at elevated pressures (8 
atm) under dilute and lean conditions.  Due to the high sooting propensity of the mixture, 
only qualitative measurements were conducted during the CCD experiment and no CIT 
experiment was conducted.  The slightly longer residence times of these experiments 
allowed sufficient time for the formation of aromatics with three or more rings and soot, 
resulting in the plugging of the sample probe.  Nevertheless, several unique attributable 
to the 1-methylenapthalene component of the fuel were identified, including, benzene, 
toluene, benzaldehyde, ethyl-benzene, acetophenone, indene, naphthalene, and 1-
naphthaldehyde.  The most abundant of these compounds were naphthalene, 1-
naphthaldehyde, and benzaldehyde.   
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9. Results of JP-8 Surrogate Oxidation 
 
This chapter describes the experimental results for the oxidation of the mixture of 
43.2% n-dodecane, 26.8% iso-cetane, 15% methylcyclohexane, and 15% 1-
methynaphthalene in the pressurized flow reactor facility.  This mixture will be 
subsequently referred to as JP8S4c-1 (JP-8 Surrogate – 4 components – Mixture #1).  In 
the previous study by Agosta (2002) this surrogate was referred to as S1, however a 
revised naming scheme is necessary if future work will change the constituents or relative 
fractions of the constituents.  The first section describes the experimental conditions and 
procedures unique to the surrogate experiments.  Sections 9.2 and 9.3 present the results 
of the CCD and CIT experiments.  Section 9.4 provides closure for this chapter. 
 
9.1 Experimental Conditions 
Both Controlled Cool Down (CCD) and Constant Inlet Temperature (CIT) 
experiments were conducted for JP-8 surrogate.  Direct calibration of the fuel flow rate 
was not completed prior to the experiments, instead the fuel flow rate, 1.00 ml/min, 
determined by Agosta was used.  After the flow rate had stabilized and prior to the 
conversion of the nitrogen makeup gas to oxygen, a sample was extracted to confirm the 
fuel calibration point with the GC/MS for both the CCD and CIT experiments.  The fuel 
concentration at the desired experimental conditions was 751 ppm.  Upon analysis of the 
fuel calibration samples, 732 ppm of the mixture was present during the CCD calibration 
and 1350 ppm was present during the CIT calibration.  The experimental conditions for 
the surrogate experiments are specified in Table 23. 
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Table 23: Experimental conditions for the JP-8 surrogate. 
Pressure 
(atm) 
Equivalence 
Ratio 
Residence Time
(ms) 
Dilution 
(%) 
Fuel 
(ppm) 
8.0 ± 0.25 0.30 120 ± 9 80.0 751 
     
Fuel 
(ml/min) 
Fuel 
(mol/mol-total) 
Nitrogen 
(mol/mol-total) 
Oxygen 
(mol/mol-total) 
Velocity @ 800 K 
(cm/sec) 
1.00 0.00075 0.95726 0.04199 282.2 
 
 
 
 
9.2 CCD Experimental Results 
The CCD experiment was conducted over the temperature range of 600 to 800 K at 
the conditions noted above.  During the experiment, a strong NTC behavior was observed 
to start at 695 K, Figure 96.  The start of the NTC region for the surrogate occurred at the 
same temperature as the neat n-dodecane, and the n-dodecane/methylcyclohexane 
mixture, but approximately 5 °C higher than the n-dodecane/iso-cetane mixture.  The 
significant difference between the neat n-dodecane, the n-dodecane/methylcyclohexane 
mixture, and the surrogate mixtures is the range of the reactivity.  The neat n-dodecane 
had the widest range of reactivity, while the surrogate mixture had an average range, and 
the n-dodecane/methylcyclohexane mixture had the narrowest range of reactivity. 
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Figure 96: CO and CO2 measurements during the JP-8 surrogate CCD at 120 ms and sample 
extraction locations. 
 
 
 
Identification and quantification of the intermediate combustion species was 
completed for 14 temperatures throughout the low and intermediate temperature regime.  
Since the fuel was a mixture of multiple components, the conversion of each individual 
fuel was determined along with the overall fuel conversion.  The number of available 
carbon atoms was determined from each of the individual components and then used to 
calculate the overall carbon balance.  As with the binary mixtures, the extent of fuel 
conversion varied for each of the constituents and the degree of conversion was ranked 
according to the cetane index of the individual constituents.  Over 80% of the n-dodecane 
was consumed, while 75% of the methylcyclohexane and 60% of the iso-cetane was 
consumed.  1-Methylnapthalene showed significant growth during the experiment.  
However, it is unlikely that there was this much growth at these early residence times, 
suggesting that GC carryover, coelution with other intermediates, or contamination of the 
samples may have occurred.  Applying the carbon balance to only the positively 
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identified compounds and compounds with known molecular weight resulted in a carbon 
balance ranging from 100% to 145 %.  The significant overshoot is likely due to the 
improper quantification of 1-methylnapthalene.  The results of the carbon balance and 
fuel conversion calculations are shown in Figure 97. 
 
 
 
-200%
-150%
-100%
-50%
0%
50%
100%
600 620 640 660 680 700 720 740 760 780 800
Position (cm)
Fu
el
 C
on
ve
rs
io
n 
(%
)
90%
100%
110%
120%
130%
140%
150%
C
ar
bo
n 
B
al
an
ce
 (%
)
Fuel Conversion - Methylcyclohexane Fuel Conversion - n-Dodecane
Fuel Conversion - iso-Cetane Fuel Conversion - 1-Methylnaphthalene
Fuel Conversion - Overall Carbon Balance  
Figure 97: Carbon balance and fuel conversion calculations during the JP-8 surrogate CCD 
experiment. 
 
 
 
Figure 98 plots the fuel destruction, the formation of CO and CO2, the extrapolated 
temperature rise from the inlet to the sample location, and the associated model 
predictions over the 600 to 800 K temperature range.  The model does an excellent job 
predicting CO production, given the complexity of the mixture and the simplicity of the 
associated mechanism.  However, improvements in the prediction of the fuel 
decomposition rates could be made.  As with the other model predictions, the model has 
shifted the start of the NTC region to lower temperatures by approximately 20 °C.  The 
initiation of the fuel decomposition was not well predicted by the model.  The 
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experiments show a much more gradual increase in reactivity, while the model delays the 
initial reactivity followed by a rapid increases to the maximum value.   
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Figure 98: Concentration profiles for CO, CO2, and surrogate components and temperature rise 
during the JP-8 surrogate CCD experiment at 120 ms. 
 
 
 
Aldehydes and alkenes represented the two classes of hydrocarbons where the 
majority of the intermediate species could be identified.  A majority of the intermediates 
identified belong to n-dodecane and iso-cetane, as they were added in the highest 
concentrations.  The major alkenes identified were 1-butene/iso-butene, the 2,4,4-
trimethyl-pentenes, the methyl-1-cyclohexenes, and the dodecenes, Figure 99.  The 
model generally overpredicts the formation of the lower molecular weight alkenes by a 
factor of 2 or 3.  The formation of naphthalene from the oxidation of 1-methylnapthalene 
component of the fuel was slightly over predicted. 
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Figure 99: Concentration profiles of the major alkene and aromatic intermediates and methane 
during the JP-8 surrogate CCD experiment at 120 ms. 
 
 
 
The major aldehydes and ketones identified during the oxidation were acetaldehyde, 
and 2-propanone, Figure 100.  Formaldehyde was also a major intermediate but was not 
quantified during this experimental investigation.  The model predictions significantly 
overestimate the formation of acetaldehyde.  However, most of the other predictions are 
reasonably close, specifically 2-propanone, 2-methyl-propanal, and 2-methyl-2-propenal.  
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1-Naphthaldehyde (1-naphthalenecarboxaldehyde) was also observed in relatively low 
concentrations during the experimental investigation. 
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Figure 100: Concentration profiles of the major aldehyde and ketone intermediates during the JP-8 
surrogate CCD experiment at 120 ms. 
 
 
 
 
9.3 CIT Experimental Results 
The CIT experiment was conducted over a significant range of the axial length of the 
flow reactor, specifically 8 to 34 centimeters.  Fourteen gas-phase samples were extracted 
over this range to identify and quantify the major intermediate species.  The temperature 
of each of the samples is reported in Figure 101.  To determine the residence time 
distribution of the samples, a constant temperature profile was assumed at the average 
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temperature of the samples.  For the surrogate, the residence times ranged from 60 to 
170 ms assuming a temperature of 672 K. 
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Figure 101: Axial temperature profile and sample locations during the JP-8 surrogate CIT 
experiment. 
 
 
 
As during the CCD experiment, the fuel components decomposed at differing rates, 
Figure 102.  For the CIT experiment, 90% of the n-dodecane, 80% of the 
methylcyclohexane, and 75% of the iso-cetane decomposed to intermediates by the last 
sample point.  The 1-methylnapthalene component did not have large negative fuel 
conversion percentage what was observed in during the CCD experiments.  Although 
there is significant scatter, it appears as if approximately 30- 40% of the 1-
methylnaphthalene decomposes to intermediates along the length of the reactor.  The 
identified intermediates account for approximately 60% of the available carbon atoms at 
the highest residence times.  As with the CCD experiments, the carbon balance exceeded 
100% at low conversion levels, however, the overshoot was significantly less. 
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Figure 102: Carbon balance and fuel conversion calculations during the JP-8 surrogate CIT 
experiment. 
 
 
 
The fuel decomposition trends of the surrogate showed some interesting trends, 
Figure 103.  Due to the different reactivities of the components, n-dodecane rapidly 
decomposes from the highest concentrations to the second lowest.  Furthermore, the 
relative concentrations of the components at the plateau point predicted by the model are 
not the same as the experimental proportions, which is primarily due to the over 
prediction of the iso-cetane decomposition.  The model also does not predict the soot 
growth that is no doubt occurring based upon the n-dodecane/1-methylnaphthalene 
mixture results.  Interestingly, CO formation predicted by the model almost perfectly 
matches the experimental results.  The addition of methylcyclohexane and 1-
methylnapthalene slowed the “fast” decomposition of n-dodecane and iso-cetane.  CO2 
formation was significantly larger than the CCD experiment, indicating that CO2 
contamination at the analyzer was the probably cause for the higher reading.  
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Figure 103: Concentration profiles for CO, CO2, fuel components, and temperature profile during 
the JP-8 surrogate CIT experiment at 672 K. 
 
 
 
As with the CCD experiments, a majority of the intermediates identified belong to n-
dodecane and iso-cetane.  Although CO formation significantly changed over the 
residence times measured, the major alkene intermediates remained relatively constant, 
Figure 104.  The model generally overpredicts the formation of the lower molecular 
weight alkenes by a factor of 4 or 5, but, the higher molecular weight alkenes, namely the 
trimethyl-pentenes and naphthalene, are reasonably well predicted.  The model does 
transition to the high temperature chemistry earlier than the experiment indicates, as a 
rapid increase in propene, ethene, and butenes is predicted at 150 ms. 
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Figure 104: Concentration profiles of the major alkene intermediates and methane during the JP-8 
surrogate CIT experiment at 672 K. 
 
 
 
The major aldehydes and ketones identified during the oxidation were acetaldehyde, 
and 2-propanone, Figure 105.  Formaldehyde was also a major intermediate but was not 
quantified during this experimental investigation.  As with the CCD experiments, the 
model predictions significantly overestimate the formation of acetaldehyde, but most of 
the other predictions are reasonably close, specifically 2-propanone, 2-methyl-propanal, 
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and 2-methyl-2-propenal.  1-Naphthaldehyde is formed at early residence times, and 
significantly decreases to lower concentrations by 170 ms.  As the profile of naphthalene 
is almost exactly the opposite if the 1-naphthaldehyde, it is likely that the aldehyde was 
decomposing to form naphthalene.   
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Figure 105: Concentration profiles of the major aldehyde intermediates during the JP-8 surrogate 
CIT experiment at 672 K. 
 
 
 
 
9.4 Closure 
The oxidation of a mixture of 43.2% n-dodecane, 26.8% iso-cetane, 15% 
methylcyclohexane, and 15% 1-methynaphthalene was examined in the low and 
intermediate temperature regime at elevated pressures (8 atm) under dilute and lean 
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conditions.  Detailed speciation measurements were made during both CCD and CIT 
experiments to identify the major intermediate species.  However, due to the complexity 
of the mixture and the shear number of intermediates produced, it is extremely difficult to 
draw any significant conclusions from the experiment, aside from the conclusions and 
recommendations from the binary mixtures.  Both experiments were compared to a 
current lumped model that included 7400 reactions among 276 species.  Model 
predictions of the experimental data were generally quite good given the problems 
identified during the binary mixtures.  The major conclusion that can be made from this 
experiment is the ability of a relatively simple surrogate mixture to adequately mimic the 
complex behavior of full boiling range fuels, like JP-8.  Furthermore, the complexity and 
difficulty experienced in order to identify and quantify the intermediates from a “simple” 
surrogate, like JP8S4c-1, illustrates the enormous task of completing “detailed” 
speciation on any complex surrogate mixtures in the low and intermediate temperature 
regime. 
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10. Summary, Conclusions, and Recommendations 
 
This study is part of an ongoing program to examine the autoignition behavior of JP-8 
and fuels that more closely match the molecular size and composition of JP-8.  The 
results of this study will significantly aid in the understanding of how the chemical 
variations affect the development of JP-8 surrogates and the autoignition process of high 
molecular weight hydrocarbons.  The results will aid in the development of kinetic 
mechanisms for large molecular weight hydrocarbons and multiple component mixtures. 
 
10.1 Summary of JP-8, Jet-A and JP-8 Surrogate Results 
An investigation of the oxidation of JP-8, Jet-A, JP-7, and several published JP-8 
surrogates in a pressurized flow reactor facility over a range of temperatures (600 – 800 
K) at elevated pressure (8 atm) was completed.  The purpose of this section of the 
research was fourfold.  First, to develop an understanding how the variabilities of JP-8 
and Jet-A influence the low and intermediate temperature regime and phenomena 
associated with this regime.  Second, to examine if Jet-A can be used in lieu of JP-8 in 
combustion and surrogate studies.  Third, to identify samples of JP-8 and Jet-A that are 
average in composition and reactivity.  Finally, to examine how the variabilities in JP-8 
impact the development of surrogates and to identify surrogates that match the ‘average’ 
reactivity of JP-8.   
A total of 5 JP-8 samples, 3 Jet-A samples, and one JP-7 were procured, most of 
which had been full characterized by WPAFB.  The samples represented a broad range of 
composition and exhibited a wide range in low temperature reactivity.  All samples, 
including the JP-7 sample, showed a strong NTC region that started at 680 K and did not 
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vary significantly despite substantial differences in composition.  Comparisons of the 
correlations between maximum CO production and various sample properties revealed 
that there are indeed physical differences between JP-8 and Jet-A.  The correlations with 
properties, such as cetane index and API gravity, showed that JP-8 was slightly less 
reactive than a similar sample of Jet-A.  However, the differences are not substantial 
enough to prevent the interchangeable use of the fuels for surrogate development.  The 
FSII additive was directly examined to determine if it was the source of the observed 
differences.  However, when the additive was introduced at the maximum allowed by the 
specification (1500 ppm), it did not significantly alter the reactivity of a Jet-A sample.  
Comparisons between JP-8, Jet-A, and the average values reported by the PQIS enabled 
the identification of an “average” sample of JP-8/Jet-A; specifically, JP-8 sample 
#99POSF-3684 and Jet-A sample #99POSF-3593 were of average composition and 
properties.   
The identification of an “average” behavior permitted comparisons with a variety of 
JP-8 surrogates that have been proposed.  Two surrogates stood out as the best to mimic 
the low temperature reactivity of JP-8, the Hex-12 surrogate by Violi and coworkers at 
the University of Utah and the S1 surrogate by Agosta at Drexel University.  However, 
the comparisons also showed that extreme care must be taken to ensure that the sample 
used for surrogate development was of average composition and properties, otherwise 
severe tuning of the surrogate could occur.  Due to the complexity of the Hex-12 
surrogate, the S1 surrogate was chosen for a closer examination.  The results of those 
investigations will be briefly discussed in the subsequent sections. 
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10.2 Summary of neat n-Dodecane Results 
The oxidation of neat n-dodecane was studied from 600 to 800 K at a pressure of 8 
atm under lean and dilute conditions at a residence time of 120 ms (CCD experiment) and 
over a range or residence times (40 to 150 ms) at a temperature of 683 K and a pressure 
of 8 atm (CIT experiment).  During the CCD experiments, a strong NTC behavior was 
observed, the start of which occurred at 695 K.   
Detailed species measurements were obtained during the CCD and CIT experiments.  
The species identified and quantified during these experiments included CO, CO2, 
methane, ethene, 1-propene, acetaldehyde, 1-butene, 2-propenal, propanal, 3-buten-2-
one, butanal, 1-pentene, pentanal, 1-hexene, hexanal, 1-heptene, heptanal, 1-octene, 
octanal, 1-nonene, 1-decene, and several dodecene isomers.  The results show that n-
dodecane rapidly and efficiently decomposes to C6 and lower hydrocarbons, producing 
significant concentrations of acetaldehyde, ethane, 1-hexene, propanal, and 1-propene.  
Examination of the intermediate oxidation species suggested that the secondary hydrogen 
bonds were the first hydrogen to be abstracted, specifically the “b” and “c” hydrogens. 
The experiments were compared to a current lumped model by Ranzi and Faravelli 
(Agosta et al., 2004).  The lumped mechanism included 7400 reactions among 276 
species.  Model predictions and experimental data were generally in passable agreement, 
given the significant simplifications made during the development of the model.  The 
model does a reasonable job describing the decomposition of the fuel and the formation 
of CO.  However, the model significantly overpredicts the formation of the smaller 
alkenes and aldehydes.  The experimental results suggest several changes to the 
mechanism that could improve its accuracy.  First, the experimental results suggest that a 
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C6 radical species should replace the current C7 radicals, due to the significantly larger 
formation of 1-hexene over 1-heptene.  Secondly, the mechanism assumes that no 
conjugate alkenes of n-dodecane are formed, which was not the case with the 
experimental data.  Although the experimental results are inconclusive, the very low 
carbon balance suggests that C12 oxygenates are likely formed.  However, the mechanism 
does not include pathways for their formation.  Nevertheless, the model is a noteworthy 
first step at developing mechanisms for higher molecular weight hydrocarbons. 
 
10.3 Summary of n-Dodecane/iso-Cetane Mixture Results 
The oxidation of the binary mixture of 40% n-dodecane and 60% 2,2,4,4,6,8,8-
heptamethyl-nonane (iso-cetane) was studied from 600 to 800 K at a pressure of 8 atm 
under lean and dilute conditions at a residence time of 175 ms (CCD experiment) and 
over a range or residence times (65 to 220 ms) at a temperature of 687 K and a pressure 
of 8 atm (CIT experiment).  During the CCD experiments, a strong NTC behavior was 
observed, the start of which occurred at 690 K.   
Detailed species measurements were obtained during the CCD and CIT experiments.  
The species identified and quantified during these experiments included CO, CO2, 
methane, ethene, 1-propene, acetaldehyde, 1-butene & 2-methyl-1-propene, 2-propanone, 
2-propenal, propanal, 2-methyl-propanal, 2-methyl-2-propenal, 3-buten-2-one, butanal, 1-
pentene, pentanal, 1-hexene, hexanal, 4,4-dimethyl-1-pentene, 4,4-dimethyl-2-pentene, 
4,4-dimethyl-2-pentanone, 1-heptene, heptanal, 2,4,4-trimethyl-1-pentene, 2,4,4-
trimethyl-2-pentene, 1-octene, octanal, 1-nonene, 1-decene, several tetramethyl-heptene 
isomers,  2,4,4,6,6-pentamethyl-1-heptene, several dodecene isomers, and several 
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hexamethyl-nonene isomers.  The results show that iso-cetane primarily decomposes to 
C8 and lower hydrocarbons, producing significant concentrations of 2-propanone, 2-
methyl-1-propene, 2,2,4-trimethyl-pentenes (2,2,4-trimethyl-1-pentene and 2,2,4-
trimethyl-2-pentene), and 4,4-dimethyl-2-pentanone.  Examination of the intermediate 
oxidation species suggested that the primary hydrogen bonds were the first hydrogen to 
be abstracted, specifically the “a” and “h” hydrogens. 
The experiments were compared to a current lumped model by Ranzi and Faravelli 
(Agosta et al., 2004).  The lumped mechanism included 7400 reactions among 276 
species.  Model predictions and experimental data were generally in reasonable 
agreement.  However, the model significantly overpredicted decomposition of iso-cetane 
and the formation of the smaller alkenes and aldehydes. 
 
10.4 Summary of n-Dodecane/Methylcyclohexane Mixture Results 
The oxidation of the binary mixture of 37% n-dodecane and 63% methylcyclohexane 
was studied from 600 to 800 K at a pressure of 8 atm under lean and dilute conditions at a 
residence time of 120 ms (CCD experiment) and over a range or residence times (40 to 
150 ms) at a temperature of 668 K and a pressure of 8 atm (CIT experiment).  During the 
CCD experiments, a strong NTC behavior was observed, the start of which occurred at 
695 K.   
Detailed species measurements were obtained during the CCD and CIT experiments.  
The species identified and quantified during these experiments included CO, CO2, ethene, 
1-propene, acetaldehyde, 1-butene, 2-propenal, propanal, 3-buten-2-one, butanal, 1-
pentene, pentanal, 1,3-cyclohexadiene, cyclohexene, benzene, cyclohexanone, cyclohex-
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2-en-1-one, 1-hexene, hexanal, several methyl-1-cyclohexene isomers, 1-
methylenecyclohexane, several C7H10O isomers, several C7H12O isomers, toluene, 1-
heptene, heptanal, 1-octene, octanal, 1-nonene, 1-decene, and several dodecene isomers.  
The results indicate that methylcyclohexane prefers to undergo dehydrogenation rather 
than ring rupture at the low and intermediate temperature regime, producing significant 
concentrations of the methyl-1-cyclohexene isomers and the C7H10O oxygenates.  
However, examination of the intermediate oxidation species could not conclusively 
establish which of the ring hydrogens was the preferred abstraction site.  
The experiments were compared to a current lumped model by Ranzi and Faravelli 
that included 7400 reactions among 276 species.  Model predictions were extremely poor 
given that the model incorrectly assumes that methylcyclohexane prefers to fragment, 
instead of dehydrogenate.  Based upon the species formed, a new mechanism for the low 
and intermediate temperature oxidation of methylcyclohexane has been forwarded. 
 
10.5 Summary of n-Dodecane/1-Methylnaphthalene Mixture Results 
The oxidation of binary mixture of 51% n-dodecane and 49% 1-methylnaphthalene 
was studied from 600 to 800 K at a pressure of 8 atm under lean and dilute conditions at a 
residence time of 175 ms (CCD experiment).  During the CCD experiments, a strong 
NTC behavior was observed, the start of which occurred at 695 K.  However, due to the 
high sooting propensity of the mixture, only qualitative measurements were conducted 
during the CCD experiment and no CIT experiment was conducted.  Several unique 
species attributable to the 1-methylenapthalene component of the fuel were identified, 
including, benzene, toluene, benzaldehyde, ethyl-benzene, acetophenone, indene, 
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naphthalene, and 1-naphthaldehyde.  The most abundant of these compounds were 
naphthalene, 1-naphthaldehyde, and benzaldehyde.   
 
10.6 Summary of JP-8 Surrogate Results 
The oxidation of a JP-8 surrogate, JP8S4c-1, a mixture of 43.2% n-dodecane, 26.8% 
iso-cetane, 15% methylcyclohexane, and 15% 1-methynaphthalene, was studied from 600 
to 800 K at a pressure of 8 atm under lean and dilute conditions at a residence time of 
120 ms (CCD experiment) and over a range or residence times (60 to 170 ms) at a 
temperature of 672 K and a pressure of 8 atm (CIT experiment).  During the CCD 
experiment, a strong NTC behavior was observed to start at 695 K, identical to that of 
neat n-dodecane, and the n-dodecane/methylcyclohexane mixture experiments.  The 
major difference between the reactivity maps of the neat and binary mixtures and that of 
the surrogate mixture was the temperature range over which the fuels reacted.  n-
Dodecane reacted over the widest temperature range, while the surrogate mixture had an 
average range, and the n-dodecane/methylcyclohexane mixture had the narrowest range 
of reactivity.   
Detailed species measurements were obtained during the CCD and CIT experiments.  
The species identified and quantified during these experiments included CO, CO2, ethene, 
1-propene, acetaldehyde, 1-butene & 2-methyl-1-propene, 2-propanone, 2-propenal, 
propanal, 2-methyl-propanal, 2-methyl-2-propenal, 3-buten-2-one, butanal, 1-pentene, 
pentanal, 1-hexene, hexanal, 4,4-dimethyl-1-pentene, 4,4-dimethyl-2-pentene, several 
methyl-1-cyclohexene isomers, 1-methylenecyclohexane, toluene, 1-heptene, heptanal, 
2,4,4-trimethyl-1-pentene, 2,4,4-trimethyl-2-pentene, 1-octene, octanal, 1-nonene, 1-
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decene, naphthalene, 1-naphthalenecarboxaldehyde, several tetramethyl-heptene isomers,  
2,4,4,6,6-pentamethyl-1-heptene, several dodecene isomers, and several hexamethyl-
nonene isomers.  The experiments were compared to a current lumped model by Ranzi 
and Faravelli that included 7400 reactions among 276 species.  Model predictions and 
experimental data were generally in good agreement.  As shown during the CCD and CIT 
experiments, the model does a very good job describing the decomposition of the fuel 
and the formation of CO.  However, the model significantly overpredicts the formation of 
the smaller alkenes and aldehydes, as noted during the binary mixture experiments.  This 
study represents the first “detailed” speciation of a surrogate of this complexity and 
molecular size.  This study illustrates the ability of a relatively simple surrogate mixture 
to adequately mimic the complex behavior of full boiling range fuels, like JP-8.   
 
10.7 Recommendations for Future Work 
The research outlined in this dissertation has made significant strides toward the 
understanding of JP-8 oxidation and the oxidation of high molecular weight 
hydrocarbons in the low and intermediate temperature regime.  However, as illustrated 
during the detailed speciation experiments, the results are not as detailed or precise as 
what can be achieved with lower molecular weight species.  Although the results of this 
study will provide important information for the development and refinement of lumped 
mechanisms there is significant room for improvement of these mechanism.  Some 
recommendations for future work related to this study are presented below. 
(1) A common problem throughout this study is the inability to maintain the gas-
phase samples in the gas-phase and to prevent condensation during the sampling 
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and storage process.  To minimize this problem, several sampling techniques 
should be modified.  First, the sampling probe could be modified to use a 
working fluid other than water to allow higher sampling temperatures.  
Significant care must be used to determine the appropriate temperature of the 
fluid to permit rapid quenching of the gas sample while preventing high boiling 
point species from condensing during the sampling process.  Second, the 
samples could be condensed into the liquid phase or solubilized into 
Acetonitrile immediately after the sampling probe.  The advantage of having the 
sample in the liquid phase is that calibration samples would no longer need to 
be vaporized prior to calibration.  Furthermore, the samples can also be 
analyzed by LCMS, which is one of the most common ways to analyze high 
boiling point hydrocarbons. 
(2) As this study has shown, 1-methylnapthalene is a difficult fuel to use due to its 
tendency to produce soot.  Furthermore, toluene, not 1-methylnapthalene, has 
been isolated as one of the primary compounds to represent the aromatic portion 
of diesel fuels.  Therefore, the surrogate could be modified to substitute toluene 
for 1-methylnapthalene.  The added benefit of this substitution is that 
significantly more is known about the decomposition pathways for toluene 
oxidation than for 1-methylnapthalene. 
(3) Finally, the lack of closure in the carbon balance must be addressed.  The 
transition between the “makeup” nitrogen and the oxygen flow controllers is the 
suspected source for a significant portion of the errors.  Therefore, one possible 
solution is to flow nitrogen from high-pressure cylinders through the oxygen 
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mass flow controller, thereby eliminating most of the error transitioning 
between two mass flow controllers. 
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Appendix A: LabVIEW Data Acquisition and Control System 
 
A.1 Introduction 
 The Pressurized Flow Reactor (PFR) facility was designed to facilitate the 
understanding of the low and intermediate temperature oxidation chemistry of 
hydrocarbon fuels at elevated pressures.  The facility and its data acquisition and control 
system was originally designed by Koert and was well documented in his Ph.D. 
dissertation (Koert, 1990).  During the intervening years, various upgrades and 
modifications to the PFR have been made, including: addition of a liquid flow controller 
(Wood, 1994), upgraded LabVIEW programming, and other assorted updates.  However, 
most of the facility has not been modified since its inception and the revisions made have 
limited documentation.  In preparation for the experiments documented in this thesis, 
major modifications in the PFR’s data acquisition and control system, liquid fuel delivery 
system, and post oxidation gas analysis system were completed.  This appendix 
documents the current version of the LabVIEW code and data acquisition and control 
hardware. 
 
A.2 LabVIEW Upgrades 
 Prior to the start of this thesis, the data acquisition and control system was 
significantly revised with new hardware and a new software version.  The revisions 
improved the overall performance and stability of the PFR control and data acquisition 
system.  Essentially, all of the previous data acquisition and control hardware and 
software were replaced and upgraded.   
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First, the Macintosh computer system was replaced with a Microsoft Windows based 
PC (Dell Pentium IV 2.8GHz) and LabVIEW was upgraded to version 7 for the PC.  
Next, due to the inability to use the old National Instruments hardware, the NB-MIO-16 
was replaced with a PCI-MIO-16E-4 card, this card has 16 analog input channels, 8 
digital I/O channels, and 2 Analog output channels which is comparable to the previous 
card.  Furthermore, the standard breakout board was replaced with a National Instruments 
SCC signal conditioning breakout.  The SCC breakout greatly improves the flexibility of 
the National Instruments card by allowing signal conditioning on a per-channel basis.  
Depending on the signal condition module in use, a vast array of signals can be 
measured, such as, thermocouples, RTDs, strain gauges, accelerometers, isolated analog 
input, frequency-to-voltage conversion, 0 to 20 mA current inputs, low-pass filtering, and 
isolated digital input/outputs.  For the PFR, modules for 3 channels for Type K 
thermocouples (SCC-TC02), 4 channels of 0 to 20 mA current inputs (SCC-CI20), 6 
channels of 0 – 5 V analog inputs (SCC-AI04) were installed.  The installed modules 
allowed for increased measurement accuracy and decreased signal noise due to filtering, 
thus improving the overall quality of the data collected.  Finally, an additional USB serial 
communication box (National Instruments USB-232/4) was installed to communicate 
with the new fuel delivery system.   
 
A.3 General Operation 
The basic flow diagram of the LabVIEW code has not changed significantly since 
Koert, however, the implementation and capabilities have.  There are two main 
interfaces, the first is for the operation of the PFR and the second is for the retrieval of 
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the logged data.  The “PFR_Auto_Control” virtual instrument (VI) code interfaces to the 
instruments which control and monitor the PFR.  As a result, this VI communicates with 
30 subVIs depending the desired functionality (Figure 106).  The documentation of each 
of the subVIs and their function is described in the PFR Standard Operating Procedure 
manual.  The retrieval of the logged data is done using the “PFR_Datalogger” VI code.  
This VI interfaces with the LabVIEW data logging functions that are manually enabled 
during the operation of the “PFR_Auto_Control” code and exports the information into a 
Microsoft Excel. 
 
 
 
 
Figure 106: Hierarchy of PFR_Auto_Control.VI LabVIEW code. 
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  In general, the PFR_Auto_Control VI monitors and/or controls the following 
instruments; 
 
 
 
Table 24: Instruments controlled and/or monitored by PFR_Auto_Control VI. 
Instrument Measurement Control 
Porter Mass Flow Controller (CM-4) 9 - 
Sample Line Temperatures  
(type K thermocouples) 9 - 
Isco High Pressure Syringe Pump (500D) 9 - 
Daedal Positioning System (MC2000) 9 9 
Siemens IR Gas Analyzer (Ultramat 22) 9 - 
Honeywell Pressure Transducer 9 - 
Daytronics Pressure Transducer 9 - 
 
 
 
Depending on the selection and execution of the tabbed menu, the various different 
functions of the LabVIEW program are accessible.  
 
 
 
 
Figure 107: Main Interface for the control and operation of the PFR Facility. 
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It should be noted that the LabVIEW code developed by Koert included the capability 
to control the Porter Instruments mass flow controller and the ON/OFF solenoid valves 
for Air, Nitrogen, and Oxygen.  These functions are still included in the current version 
of the code, but the interface to the hardware has been removed.  There are several 
reasons for this.  First, the Porter Instruments controller was not designed to accept 
analog voltage signals to control the mass flow rates.  As a result, the controller had been 
modified to accept this type of control, something not acceptable to this researcher.  
Furthermore, if the controlling computer crashes, the flow rates will reset to zero.  This 
type of zero reset condition could cause extensive damage to the PFR if it should occur.  
However, newer versions of the controller sold by Porter Instruments include external 
control, so the capability was not removed from the code.  Second, the solenoid valves 
used to have ON/OFF control of the various gas flow controllers.  The control of the 
solenoid valves is done by the digital output lines of the National Instruments hardware.  
However, if the computer crashes or the program reinitializes the digital output lines, the 
default state for the digital lines is OFF which causes the solenoid valves to shutoff flow 
to the PFR.  This default OFF condition may result in extensive damage to the PFR.  
However, since the hardware is still present, the capability was not removed from the 
code.  In the future, either capability could be implemented given appropriate attention to 
these problems.  
 
A.4 Procedure for Logging Data Using PFR_Auto_Control 
In LabVIEW 7, the data logging routines are accessed through the Operate:Data 
Logging> menu.  In general, a log file is associated with a particular VI.  When this VI is 
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executed all of its front panel data is stored in the associated log file.  The log file created 
is in a binary format and cannot be directly opened in a program such as Excel.  There are 
various ways to extract the data, however, for the data logging of the PFR the enable data 
base option has been implemented.  In this procedure, a separate VI is constructed that 
contains the PFR_Auto_Control VI with data base access enabled.  This separate VI, 
PFR_DataLogger, extracts all of the records stored in the log file and writes them into a 
delimited text file that can then be directly opened in Excel. 
 
Selecting a Log File 
If no log file is currently attached to the PFR_Auto_Control the menu appears as 
shown.  Be sure the Log at Completion item is checked as shown to enable logging, 
otherwise no data will be saved! 
 
 
 
 
Figure 108: Data Logging Submenu 
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To select a file: 
1. Select Log… from the Operate:Data Logging> menu. 
2. In the dialog box shown, go to the folder where you would like to store the log file. 
 
 
 
 
Figure 109: Log File Dialog Box 
 
 
 
3. Enter a file name (typically RawData.txt) and click the save button. 
4. Run the experiment. 
 
Changing Log File 
If a log file has been previously configured the Retrieve… option in the Operate:Data 
Logging> menu is active. 
To change the log file: 
1. Select Change Log File Binding… from the Operate:Data Logging> menu. 
2. In the dialog box, shown in Figure 109, either select an already created log file or 
create a new one as described above. 
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3. Run the experiment. 
 
Removing Log File 
To prevent the program from logging any data: 
1. Select Remove Log File Binding… from the Operate:Data Logging> menu. 
2. Run the experiment. 
 
Procedure for Creating Output File Using PFR DataLogger VI 
1. After the experiment do NOT close the PFR_Auto_Control or the logged data may be 
lost! 
2. Open the PFR_DataLogger VI. 
3. Click the Run button 
4. In the dialog box, go to the folder where you would like to store the output file. 
 
 
 
 
Figure 110: Select Output File Dialog Box 
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5. Enter a filename (typically CovertedLog.csv) and click the file button. (See Figure 
110) 
6. The records will be written into this file. When the operation is complete the display 
will appear as shown in Figure 111. 
7. Open file in Microsoft Excel. 
 
 
 
 
Figure 111: Data Logging is Complete. 
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Appendix B: Calculations for Experimental Conditions 
 
 This Appendix outlines the equations and calculations utilized to determine various 
experimental conditions and set points given a desired set of experimental parameters.  
Specifically, the required PFR settings need to be determined given the desired 
equivalence ratio, nitrogen dilution, and pressure.  All of the equations presented below 
are automatically calculated in an Excel Spreadsheet, shown below. 
 
The most critical parameters and calculations include: 
Hydrocarbon oxidation reaction 
OHyxCONOaOHC zyx 2222 2
)76.3( ⋅+→⋅++  
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Molar Flow Rate Calculations 
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Volumetric Flow Rate Calculations 
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Standard Volumetric Flow Rate Calculations 
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Percentage Full-Scale Calculations 
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Solving for Unknowns 
 Known 
  %16%
2
=OFS (typical) 
%20%
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%80%65 →=D  (nominal) 
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 Conversion of known values to molar flow rates 
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Solving for percent full-scale nitrogen in oxidizer stream 
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Solving for fuel flow rates 
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Fuel Vaporization Temperature Calculations (Antoine Equation Parameters) 
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where A, B, and C are the “Antoine coefficients" 
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Figure 112: Sample of the Excel spreadsheet calculations for the PFR experimental conditions. 
 
Fi
gu
re
 1
12
: S
am
pl
e 
of
 th
e 
E
xc
el
 sp
re
ad
sh
ee
t c
al
cu
la
tio
ns
 fo
r 
th
e 
PF
R
 e
xp
er
im
en
ta
l c
on
di
tio
ns
. 
 
 242
Appendix C: Gas Chromatography Elution Times 
 
This appendix lists the elution times for all of the calibration species and identified 
intermediates to demonstrate the range of intermediates that may be identified using the 
gas chromatography technique developed for this study.  As previously mentioned, the 
column used during this study was a Supleco Petrocol DH 100 meter column.  For this 
column and associated GC method, the elution time for unretained species can be 
determined using the retention time of methane, which elutes at 10.21 minutes.  As no 
intermediates can elute prior to this time, the MS detector was not enabled prior to 10.75 
min to permit N2 to completely elute from the column.  Therefore, any compounds that 
elute prior to 10.75 are only detectable by the FID and not by the MS.  The list of elution 
times for both calibrated and identified compounds includes over 180 species, Table 25.  
The minimum detection limit for the calibrated species was between 1 to 3 ppm, based 
upon a minimum FID area count of 30,000. 
 
 
 
Table 25: List of retention times for identified compounds. 
Species 
Elution 
Time 
(min) 
Species 
Elution 
Time 
(min) 
methane 10.21 1-methyl-cyclohexene 44.88 
ethene 10.46 2-methyl-heptane 45.02 
ethyne 10.47 4-methyl-heptane 45.20 
ethane 10.61 2-hexananone 45.44 
formaldehyde 11.26 3-methyl-heptane 45.87 
acetaldehyde 11.46 3-ethyl-hexane 46.01 
propene 11.77 1-octene 47.38 
propane 11.91 n-octane 48.55 
propyne 12.67 trans-2-octene 48.85 
2-methyl-propane 14.04 cis-2-octene 49.63 
1,3-butadiene 14.75 2,5-dimethyl-heptane 51.81 
2-methyl-1-propene 15.16 3,3-dimethyl-heptane 52.03 
1-butene 15.21 3,5-dimethyl-heptane 52.03 
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Table 25 (continued) 
trans-2-butene 15.52 ethyl-benzene 52.87 
n-butane 15.63 2,3-dimethyl-heptane 53.45 
2,2-dimethyl-propane 16.32 m-xylene 53.52 
1-butyne 16.50 p-xylene 53.60 
3-methyl-1-butene 18.70 (+)-3,4-dimethyl-heptane 53.62 
2-propenal 19.59 (-)-3,4-dimethyl-heptane 53.67 
2-methyl-butane 19.70 2-methyl-octane 54.04 
2-propanone 20.02 cyclohexanone 54.09 
propanal 20.03 3-methyl-octane 54.53 
2-butyne 20.36 3,3-diethyl-pentane 54.98 
1-pentene 20.56 o-xylene 55.19 
2-methyl-1-butene 20.96 1-nonene 55.62 
n-pentane 21.20 trans-3-nonene 56.06 
2-methyl-1,3-butadiene 21.45 cis-3-nonene 56.21 
trans-2-pentene 21.67 n-nonane 56.41 
cis-2-pentene 22.11 cyclohex-2-en-1-one 56.48 
2-methyl-2-butene 22.36 trans-2-nonene 56.55 
2,2-dimethyl-butane 23.24 cis-2-nonene 57.09 
2-methyl-propanal 23.97 isopropyl-benzene 57.34 
cyclopentene 24.25 2,2-dimethyl-octane 57.60 
2-methyl-2-propenal 24.52 3,3-dimethyl-octane 58.70 
4-methyl-1-pentene 24.56 n-propyl-benzene 59.10 
2,3-dimethyl-butane 25.12 1-methyl-3-ethyl-benzene 59.50 
2-methyl-pentane 25.40 1-methyl-4-ethyl-benzene 59.62 
3-buten-2-one 25.53 2,3-dimethyl-octane 59.71 
butanal 25.81 1,3,5-trimethyl-benzene 59.91 
3-methyl-pentane 26.32 2-methyl-nonane 60.17 
2-butanone 26.35 3-ethyl-octane 60.38 
2,2-dimethyl-propanal 26.37 1-methyl-2-ethyl-benzene 60.49 
2-methyl-1-pentene 26.63 3-methyl-nonane 60.53 
1-hexene 26.72 octanal 61.07 
pentanal 27.19 1,2,4-trimethyl-benzene 61.24 
n-hexane 27.50 tert-butyl-benzene 61.24 
trans-2-hexene 27.83 1-decene 61.34 
2-methyl-2-pentene 27.99 n-decane 61.92 
4,4-dimethyl-1-pentene 28.26 isobutyl-benzene 62.03 
cis-2-hexene 28.51 sec-butyl-benzene 62.17 
2,2-dimethyl-pentane 29.30 1-methyl-3-isopropyl-benzene 62.58 
4,4-dimethyl-2-pentene 29.37 1-methyl-4-isopropyl-benzene 62.76 
2,4-dimethyl-pentane 29.78 1-methyl-2-isopropyl-benzene 63.38 
2,2,3-trimethyl-butane 30.23 1-methyl-3-n-propyl-benzene 63.93 
1-methyl-cyclopentene 31.28 1-methyl-4-n-propyl-benzene 64.14 
benzene 31.45 n-butyl-benzene 64.16 
3,3-dimethyl-pentane 31.92 1,3-dimethyl-5-ethyl-benzene 64.16 
1,3-cyclohexadiene 32.48 1,2-diethyl-benzene 64.38 
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Table 25 (continued) 
2-methyl-hexane 33.02 1-methyl-2-propyl-benzene 64.65 
2,3-dimethyl-pentane 33.23 2,4,4,6,6-pentamethyl-1-heptene 64.73 
2-pentanone 33.29 1,4-dimethyl-2-ethyl-benzene 65.03 
cyclohexene 33.76 1,2-dimethyl-4-ethyl-benzene 65.36 
3-methyl-hexane 33.88 1-undecene 65.69 
3-ethyl-pentane 34.95 trans-1-butyl-4-methyl-benzene 65.69 
1-heptene 35.15 1,3-dimethyl-2-ethyl-benzene 65.69 
trans-3-heptene 36.21 n-undecane 66.14 
n-heptane 36.48 1,2-dimethyl-3-ethyl-benzene 66.23 
cis-3-heptene 36.60 1,2,4,5-tetramethyl-benzene 66.67 
trans-2-heptene 36.99 2-methyl-butyl-benzene 66.75 
hexanal 37.10 pentyl-benzene 68.11 
trans-3-methyl-2-pentene 37.68 t-1-butyl-3,5-dimethyl-benzene 68.71 
2,4,4-trimethyl-1-pentene 37.78 t-1-butyl-4-ethyl-benzene 68.98 
cis-2-heptene 38.02 naphthalene 69.11 
methylcyclohexane 39.16 n-dodecane 69.62 
2,2-dimethyl-hexane 39.28 1,3,5-triethyl-benzene 70.14 
2,4,4-trimethyl-2-pentene 39.95 1,2,4-triethyl-benzene 70.83 
2,5-dimethyl-hexane 40.65 hexyl-benzene 71.52 
2,2,3-trimethyl-pentane 40.65 n-tridecane 72.71 
2,4-dimethyl-hexane 40.98 1-methylnaphthalene 73.28 
1-methylenecyclohexane 41.41 2,2,4,4,6,8,8-heptamethyl-nonane 74.08 
toluene 43.68 n-tetradecane 75.62 
heptanal 44.06 n-pentadecane 78.71 
2,3-dimethyl-hexane 44.40 1-naphthalenecarboxaldehyde 78.94 
4,4-dimethyl-2-pentanone 44.86   
 
 
 
One of the principle reasons for choosing the Petrocol column is that it is extensively 
used to identify the components in gasoline fuels.  Consequently, the column comes with 
an extensive list of nondimensional retention indices (Kovat Retention Index) for over 
400 hydrocarbons (alkanes, alkenes, aromatics, and naphthenes).  Utilizing the Kovats 
index and elution times for known compounds (Figure 113), an estimated retention time 
can be determined for the compounds included in the list.  This correlation can 
potentially aid in the identification of unknown peaks.   
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Figure 113: Correlation between retention times and Kovats Index. 
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